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CHAPTER I

Introduction and summary of contents

1.1 Giant resonances

Giant resonances are small amplitude, high frequency vibrations of the

atomic nucleus in which all nucleons oscillate coherently and the motion follows a

simple pattern. These vibrations of the nucleus can be well described in a macros-

copic picture with the liquid drop model. Because the nucleus has a wide variety of

fluids (protons, neutrons; spin up, spin down) in contrast to a liquid drop which has

only one type, the nucleus shows a much richer spectrum of eigenmodes. In general

the giant resonances fall into two classes, with two subclasses for each. The first

class are the electric resonances, which are vibrations of the spatial distribution of

the nucleus. The lowest order electric resonances (L<2, where L is the mukipolarity

of the giant resonance) are shown schematically in fig. 1.1, using a model for the

nucleus in which it is represented as a two-fluid liquid drop consisting of a proton

fluid and a neutron fluid. These resonances correspond to the eigenmodes of oscilla-

tion of a nucleus (the nucleus can be thought to "quiver" or even "breathe"). Furth-

ermore, the protons and neutrons can oscillate in phase yielding the isoscalar elec-

tric resonances or out of phase yielding the isovector electric resonances. The iso-

vector resonance is located at a higher energy than the corresponding isoscalar reso-

nance since the separation of the protons and neutrons requires extra energy. The

second class of giant resonances are the magnetic resonances which involve in addi-

tion to vibrations of the spatial and isospin degrees of freedom also vibrations of the

spin degree of freedom of the nucleons. Vibrations involving the spin and isospin

degrees of freedom of the nucleon do not have a classical analogue.

Already 40 years ago the first giant resonance, the giant dipole resonance

(GDR), was discovered by Baldwin and Klaiber [Bal47, Bal48]. The signature of

the GDR was a sharp increase in the photo-absorption rate of the target at a photon

energy around 15 MeV (corresponding to a vibration with a frequency of

4xlO21 Hz). The electric field causes an oscillation of the protons and, since the
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center of mass must remain fixed, the neutrons move in the opposite direction. The

GDR is selectively excited in this type of experiments due to the low angular

momentum transfer (which is clearly favoured in the long wavelength limit) and the

exclusion of monopole excitation by real photons by selection rules, which makes

real photo-absorption very well suited to study this resonance. The properties of the

GDR as resulting from these studies can be summarized as follows [Ber74] :

I) The excitation of the GDR is a general feature of all nuclei. A systematic body of

data has been accumulated over the years for nuclei ranging from 3He up to 238U

[Ber75].

II) The shape of the resonance is well described by a lorentzian distribution

o(E) = r ^ 2 =- (1.1)

[ ( * £ ) 2 * « ]
where Em , trm and T are the resonance energy, peak cross section and the full width

at half maximum, respectively. These parameters vary smoothly with the mass

number A. In the light nuclei (A < 40), however, the structure of the resonance is

highly fragmented.

III) The energy (frequency) of the vibration is determined by the inertia of the

nucleus to respond to a force and by the magnitude of the restoring force. From the

systematic study of the GDR the following empirical relation was obtained for the

resonance energy

Em = 31.2 A~1/3 + 20.6 A"1/6 MeV. (1.2)

An A~1/3 dependence would be obtained for a standing wave in a fixed spherical

volume (the Steinwedel-Jensen model [Ste50]), whereas an A"1/6 dependence would

result from the nuclear surface energy (the Goldhaber-Teller model [Gol48]). Rela-

tion 1.2 simply states that neither the density gradient nor the surface effect dom-

inate the restoring force.

IV) The width of the GDR varies smoothly between 4-7 MeV, where the narrowest

widths are found for the magic nuclei. The width of the resonance is related to the

damping of the vibration. The experimental values indicate that it takes only a few

cycles before the motion is damped out.

V) The collectivity of the resonance is expressed by the appropriate sum rules. For

the GDR the Thomas-Reiche-Kuhn (TRK) sum rule is used giving the total
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Fig. 1.1 Lowest order oscillation modes of a liquid drop (nucleus) consisting out of two types of fluid (protons

and neutrons). The isoscalar dipole mode in which the protons and neutrons oscillate in phase is not a physical

excitation but only a displacement of the center of mass.

integrated cross section for electric dipole photo-absorption and is given by [Lev60]

(1-3)
7 / r u e 27t2e2H NZ „ NZ w . . ,Ja(E)dE = —— —- = 60 - — MeV mb,

Me

where M is the nucleon mass and the integration is over all energies for which

dipole absorption can occur and subnucleonic degrees of freedom are not involved.

The TRK sum rule limit is exhausted to a large extent by the GDR in medium- and

heavy nuclei, confirming that it is indeed a coherent vibration of all protons against

all neutrons.

VI) Surely one of the most spectacular properties of the GDR is its splitting in

deformed nuclei. This splitting arises from the 1/R dependence of the resonance

energy. In axially symmetric defonned nuclei the GDR is split into two components

corresponding to a vibration along the long axis (low energy component) and the

short axis (high energy component), respectively. The intensity ratio of the two

components is determined by die nuclear shape.
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Theoretically the GDR was described by the hydrodynamical models

developed by Goldhaber and Teller |Gol48] and later by Steinwedel and Jensen

[Ste50]. The nucleons in the interior of a nucleus are surrounded on all sides by

other nucleons giving a net force equal to zero, whereas the nucleons on the surface

are pulled inwards giving a surface tension similar to that of a liquid drop. The

effects of Pauli blocking, however, make the nucleus sometimes behave more like

an elastic solid. More accurate and sophisticated descriptions are given by micros-

copic calculations within the framework of the random phase approximation

[Goe82J. The giant resonances are in these microscopic models described by a

coherent superposition of 1 particle - 1 hole excitations.

It took nearly 25 years before the next multipole, the electric isoscalar giant

quadrupole resonance, was discovered [Pit71, Lew72], caused by the lack of the

required experimental tools (hadron and electron beams and magnetic spectrometers

for detection of electrons) and the complex analysis of the data. The latter is illus-

trated by the fact that this resonance was already observed earlier but not recognized

as such [Tyr57]. Further experiments also revealed the isoscalar giant monopole

[Har77, You77] and octupole resonances [Mos78] and the magnetic Gamov-Teller

resonance [G008O]. These other modes will not be discussed further in this thesis

f see for example the review articles by Spe81, Har87 and Wou87].

1.2 Giant dipole resonances built on excited states

The study of the photo-absorption cross sections probes the properties of the

GDR built on the nuclear ground state, that is all of the excitation energy transferred

to the nucleus goes into the resonance. The giant resonances are, however, not res-

tricted to nuclear ground states. This was first suggested by Brink [Bri55], who pro-

posed that every nuclear state should have a GDR built upon it with properties that

should be largely independent of the detailed microscopic structure of the initial

state. Thus the cross section for photo-absorption on an excited state would be the

same as for the ground state (equations 1.1 and 1.3).

Whereas it is of course experimentally difficult to measure photo-absorption

on excited target nuclei the inverse process, radiative proton (neutron) capture, can

be measured. These experiments have been performed for a number of light nuclei

and show strong y-ray transitions to the ground state and first few excited states. The
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GDR strength function for decay to a particular state can be mapped out by measur-

ing the yield at a number of beam energies, i.e. initial excitation energies [Dow83,

Sno84]. These excited state GDRs are in general found to be located at the same

resonance energy as the ground state GDR but often have considerably broader

widths. The detailed shape of the excited state GDR usually is a strong function of

the state upon which it is built similar to the situation with ground state GDRs in

neighbouring light nuclei.

The interesting question is how the properties of the GDR charge as the

range of excitation energies and angular momenta of the initial state is increased.

One might expect that due to the averaging over a large number of states the

strength distribution will be so spread out that it is unrecognizable as a resonance.

On the other hand if the Brink hypothesis is also valid in this regime the y-ray

decays tend to peak near a common value and hence the y-ray spectrum will show

an enhancement at Ey = EGDR. This signature of the GDR was indeed recently found

by Newton et al. in the spectra of y-rays emitted in heavy-ion fusion reactions

[New81J. After this first observation several groups have started to study the mass

and energy dependence of the GDR built on highly excited states and furthermore to

use it as a probe for studying the nucleus under extreme conditions i.e. large excita-

tion energy and angular momentum.

The method employed to populate the excited state GDRs is almost

exclusively by means of heavy ion fusion-evaporation reactions. The fusion of the

projectile and target nuclei produces a compound system with a large amount of

angular momentum and excitation energy. The angular momentum distribution of

the system formed by 200 MeV ^Ar projectiles and a 116Cd target is shown in the

top part of fig. 1.2. The excitation energy of the compound system is distributed

among the different nucleons as a result of an equilibration process. The statistical

decay of this equilibrated nucleus first proceeds by particle emission. Since the

emission of charged particles in the heavy nuclei is hindered by the Coulomb barrier

this decay predominantly proceeds by neutron emission at least until proton rich

daughter nuclei are reached where the separation energy for a and/or proton emis-

sion becomes so low that it leads to favourable competition with neutron decay.

The states populated after the emission of 1-8 neutrons from the compound nucleus
I5sDy are schematically shown in fig. 1.2 by contour lines as function of the
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Fig. 1.2 Statistical model predictions for the decay of the 1S6Dy compound nucleus formed at an initial excitation

energy of 95 MeV with 200 MeV "Ar projectiles incident on a u 6Cd target, as obtained from calculations with

the computer code CASCADE [Puh77]. The assumed population of the 156Dy system is given as a function of

angular momentum in the top part of the figure. Calculated populations after the emission of 1-8 neutrons are in-

dicated schematically by the contour lines as functions of excitation energy and angular momentum. The shaded

regions of the populations show the regions where y-ray emission is an important channel. The correlation of

reaction channel with excitation energy and angular momentum is shown in the left-hand and bottom part of the

figure, respectively.
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excitation energy and angular momentum of the system. The angular momentum

removed by the particle evaporation is only small (- lh~ per neutron). This is much

larger if a-particles are emitted (up to 2OFT) which can be an important channel at

the highest angular momenta. Here no attempt was made to be complete by plotting

channels including proton or a-decay. Particle emission continues until the excita-

tion energy of the nucleus falls below the corresponding threshold. At this point y-

ray emission takes over, removing the remaining excitation energy and angular

momentum. The states populated after emission of the last particle are called entry

states, indicated by the shaded regions in jig. 1.2. They are contained in the region

between the yrastf line and more or less one neutron binding energy above the yrast

line. The yrast line connects the states of lowest excitation energy at each angular

momentum.

The correlation between the reaction channel and the excitation energy and

angular momentum removed by the y-ray emission is shown in the left and lower

part of fig. 1.2, respectively. The channel emitting the least number of neutrons

corresponds to entry states at the highest angular momenta. Consequently this chan-

nel leaves more excitation energy and angular momentum for y-ray emission. The

latter can be related to the number of y-rays emitted. Measurements of the total

energy removed by the y-rays and the number of y-rays can thus be used to select a

particular reaction channel or a particular entry region. This technique has been

employed for the experiments described in chapter VI of this thesis.

Two types of y-rays can be distinguished in the deexcitation to the ground

state. Fast El transitions bring the nucleus into the vicinity of the yrast line without

appreciable loss of angular momentum. These are called statistical transitions since

they only depend on average matrix elements and level densities. Their intensity is

an exponentially decreasing function of the transition energy. The second type are

the yrast-like transitions that remove the bulk of the angular momentum. These can

be collective (predominantly stretched E2) or non-collective. They give rise to a

high intensity bump in the y-ray spectrum at transition energies between 0.5 - 1

MeV. At each point there is a competition between these two types of transitions

and their emission sequence can be mixed. A second distinction that can be made is

t The term yrast is derived from the superlative of the nordic word "yr" which means dizzy.



between experimentally resolved and unresolved y-rays. Due to the thousands of

possible pathways the statistical transitions and most of the yrast-like transitions are

experimentally seen as a 'continuum'. Since the transitions themselves do not over-

lap, this region is usually referred to as the 'quasi-continuum' region. The popula-

tion of the yrast and near yrast states is generally only up to spin - 30h~ sufficiently

large to produce resolved lines in the single spectra.

The y-ray and particle emission probabilities for the compound nucleus are

quantitatively evaluated in chapter II. This analysis shows that the emission of high

energy y-rays originating from the decay of GDRs built on excited states is favoured

at the highest excitation energies. These y-rays are not emitted after the particle eva-

poration but directly in competition with the emission of particles in the first few

steps of the decay cascade. They provide an entirely new tool to probe nuclear struc-

ture in the so far unaccessible region of high excitation energy.

The branching ratio of the y-ray emission compared to particle emission at

high excitation energy is extremely low, r ^ / r = 10~3 to 10""4, but the large fusion

cross sections of - 1 barn still give respectable y-ray production cross sections of

0.1-1 mb. Following the initial observation of Newton et al. [New81] the existence

of the GDR has been established as a general feature of highly excited nuclei. The

measured y-ray spectra can be well accounted for by ground state like GDRs built

on all nuclear levels in the continuum. The available data indicate that the resonance

energies closely follow the ground state systematics and that the y-ray strengths

agree well with the full sum rule estimates. The extracted resonance widths, how-

ever, are generally larger than those obtained for the ground state and are a smooth

function of the mass number A, whereas the ground state GDR widths show strong

fluctuations as a result of shell effects. An intriguing explanation for these increased

widths is the effect of deformation splitting. A survey of this young and exciting

field can be found in the review article of Snover [Sno86].
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1.3 Contents of this thesis

In this thesis a study is presented of the giant dipole resonance built on

highly excited states. As the general features of these excited state GDRs have been

more or less established the last couple of years, this study aims to go one step

further in order to get more detailed information on the properties of the GDR and

to use it as a tool for the investigation of nuclear structure at high excitation energy.

The high energy y-rays seen from the decay of excited state GDRs in heavy

ion fusion reactions reflect ti-e average properties of the states populated by the

y-emission. They are averaged over states covering a large range of excitation ener-

gies and angular momenta and typically 3 or 4 different nuclei. More detailed infor-

mation can be obtained if the GDR decay is selected for a fixed nucleus and a lim-

ited region of excitation energy and angular momentum. This is the goal of the

study of 114Sn described in chapter V. In this case the measurements at different ini-

tial excitation energies can provide information on the nuclear level density near the

particle separation energy at an average angular momentum J = 10h~.

The sensitivity of the GDR strength function to deformation offers the

interesting possibility to study deformation and shape changes far from the yrast

line. A challenging system to look for these changes is the 152Dy nucleus. It changes

from spherical (slightly oblate) to prolate shape at medium spin and even becomes

superdeformed at very high spin. The study of shape changes at very high spin in

i52-i56Dy n u c j e j j s p r e s e n ted in chapter VI. In fact very little is known about the

properties of the GDR at very high spin.

The theoretical model developed to describe fusion-evaporation reactions is

presented in chapter II. Chapter III is devoted to a discussion of the experimental

methods and data handling used for the experiments. The detectors used to detect

high energy y-rays and their properties are described in chapter IV.
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CHAPTER II

T.e; 'atistical model of compound nuclear reactions

2.1 Introduction

The concept of a compound nucleus was first introduced by Bohr to describe

neutron resonance reactions [Boh36]. He proposed that these reactions can be

divided into two independent processes, the formation of a compound nucleus and

its subsequent decay. This hypothesis implies that the compound nucleus lives long

enough to establish a statistical or thermal equilibrium before it decays. The energy

of the projectile is shared among the nucleons of the compound system and all

memory of the formation channel is lost except those given by the conservation

laws on energy, angular momentum and parity. A mathematical formulation of this

independence hypothesis was given by the evaporation models developed by Bethe

[Bet37] and Weisskopf and Ewing [Wei40]. These reached a final form with the for-

mulation of Hauser and Feshbach [Hau52], commonly known as the statistical

model.

The decay probability of the equilibrated compound nucleus into a particular

channel is proportional to the branching ratio of this channel relative to all other

open channels. These ratios are governed by factors such as the density of final

states and barrier penetration factors. In particular the level densities play a crucial

role in the decay properties of a highly excited compound nucleus produced in a

heavy ion fusion reaction.

The application of the statistical model to the analysis of experimental data

has led to the development of a number of computer programs, for example ALICE

[Bla66, Bla72, Pla78], GROGI [Gro67] and CASCADE [PUh77]. The CASCADE

code, modified to include y-decay from the initial compound nucleus and to include

a giant resonance strength function in the y-ray transition probability, is commonly

used to calculate the contribution of this decay to the high energy y-ray spectra.
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In this chapter the basic formulae of the statistical model and a description of

the nuclear level density will be given. The presentation will necessarily be brief,

emphasising the physics underlying the models. It is mainly taken from the review

articles of Ericson [Eri60], Huizinga and Moretto [Hui72], Stokstad [Sto84] and

Hodgson [Hod87], where also more extensive descriptions can be found. Section 2.2

is devoted to a discussion of the nuclear level densities. The Hauser-Feshbach

theory is described in section 2.3. The competition between high energy y-ray and

neutron emission is illustrated in section 2.4. Finally section 2.5 describes the

modifications in the CASCADE code.

2.2 Nuclear level densities

The nuclear level density is a rapidly increasing function of the excitation

energy. This increase is due to the large number of configurations available for the

combined excitation of a relatively small number of nucleons. Typical values for the

density in a heavy nucleus are 106 levels per MeV at the neutron binding energy

(~10MeV).

The most direct method of determining a level density is to count individual

levels. This is possible at low excitation energy by a variety of techniques, including

y-ray and charged particle spectroscopy. Neutron resonance spectroscopy also pro-

vides data for a narrow region of excitation energy at the neutron threshold. Levels

separated by only a few eV can be resolved with this technique and there is a large

body of data for hundreds of nuclei. Less is known about the level density at still

higher excitation energies. As will be shown in the next subsection, the energy

spectra of particles emitted from a compound nucleus are sensitive to the density of

levels in the residual nuclei. The determination of the level density from these meas-

urements is, however, model dependent.

Large fluctuations were found in the experimentally determined density of

levels near the ground state as a function of the mass number A. The effect of shell

structure leads to a dramatic increase in the number of levels for midshell nuclei as

compared to nuclei with a closed major shell. This is a direct consequence of the

low density of single-particle states at the Fermi energy for a closed shell nucleus.

Furthermore, pairing correlations result in a marked difference of the level density

between odd and even nuclei. For an even nucleus a certain amount of energy is
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needed to break-up a pair of nucleons before these unpaired particles can be rear-

ranged over the available single-particle states. Deformation changes the order and

spacing of the single-particle states and consequently also the nuclear level density.

In particular, large gaps in the spacing of the single-particle states occur for certain

ratios of the major to minor axes of the deformed nucleus. The effect of deforma-

tion is especially important for the calculation of fission. Another consequence of

deformation is the appearance of levels associated with collective degrees of free-

dom, i.e. rotational levels.

The calculation of the level density is a combinatorial problem; it is given by

the number of different ways in which the excitation energy can be distributed

among the single-particle states of the nucleus. An accurate calculation would

require the description of these single-particle states in terms of the nuclear shell

model and have to include residual interactions between the nucleons and also

effects of deformation. Such calculations are only possible for the lightest nuclei

(A < 50) due to the relatively small number of configurations available for these

nuclei. Rather a simple model is used to define the single-particle states. The above

mentioned effects are then included phenomenologically by adjusting the parame-

ters obtained from this model.

A model frequently used to define the single-particle levels is the equidistant

model in which the level distribution is that of equally spaced non-degenerate levels

[Bet36]. This corresponds to the zeroth order approximation of a system of non-

interacting particles confined to the nuclear volume, i.e. a Fermi gas, for which the

level spacing decreases with the square root of the energy [Hui72]. Nonetheless it is

usually referred to as the Fermi gas model. Distinction is made between the level

density p and the state density co which also counts the degeneracy in the magnetic

substates, thus co(E, I) = (21+1) p(E, I). The state density for a system of protons

and neutrons calculated with this model is given by [Boh69]

j - exp[2Vai]

where E is the excitation energy, the level density parameter a=jr2g/6 and g is the

sum of the proton and neutron single-particle level densities.
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In analogy with thermodynamical systems a nuclear temperature T can be

defined by

J_
T

d In co(E)
dE

(2.2)
E 4E YE

The significance of this temperature can be illustrated by consideration of the aver-

age occupation number f(v) of a given single-particle level as a function of excita-

tion energy, which is given by [Boh69]

1
f(v) =

1 +exp
e(v)-eF

(2.3)

Thus, the temperature determines the region around the Fermi energy in which the

average occupation number is significantly different from that in the ground state

(fig. 2.1). This implies that the single-particle levels only have to be accurately

known at energies around the Fermi energy. The number of nucleons excited with

respect to the ground state is nexc - gT and the square root of the nuclear tempera-

ture is approximately equal to the average energy per excited nucleon.

p(V) T>0

ENERGY E

Fig. 2.1 A uniform level spacing of non-degenerate single-particle levels. All levels up to the Fermi energy (EF)

are filled for the system in the ground state (T = 0). At finite temperature the average occupation number P(v) is

only changed in a region around the Fermi energy.
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The level density calculated with the equidistant model for levels with a

definite value of the total angular momentum and both parities is given by [Boh69]

3/2

P(E, I)
21+1

12
Va"

2@RIG
[E-EROT] eexp 2

where ©RIG is the rigid body moment of inertia and EROT=

2®RIG

(2-4)

1(1+1) the rota-

tional energy. The factor (21+1) in this equation does not account for the level

degeneracy but has a different origin. The density for positive and negative parity

states are generally assumed to be equal. The interpretation of equation 2.4 is that

part of the excitation energy is needed for the rotation and can not be used for the

intrinsic excitation of the nucleus. An alternative form is also frequently found in

the literature in which the rotational energy is not subtracted in the denominator of

equation 2.4 and a Taylor expansion of the exponent is used. The level density can

then be written as [Lan66, Hui72]

• L f i i 3/2

P(E, D =
21+1

[ - E R O T / T |

21+1 1
W(E) exp (2.5)2V2J1 a3

where the spin cut-off factor cr is defined by cr2=©T/h"2 and use is made of the rela-

tion E = aT2. Whereas equation 2.4 gives a sharp separation between rotational and

intrinsic excitation this is replaced by a smooth transition in equation 2.5.

The experimental level densities show an average systematic trend of the

level density parameter a as a function of the mass number A given by a = A/8

MeV"1 [Erb61]. However, large fluctuations exist between the different nuclei due

to shell effects and residual interactions. At low excitation energy the level density

is influenced in a complicated way by these effects. The analysis of nonuniform

periodic level spacings including shell effects showed that at higher excitation ener-

gies, as shell effects gradually disappear, an energy dependence similar to equation

2.1 is obtained if the excitation energy is replaced by an effective excitation energy

E*=E-8E [Ros57a, Ros57b, Kah66, Kah69]. The value of 5E is positive for a
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nucleus with its ground state near a closed shell and is negative for a midshell

nucleus.

Pairing correlations play a crucial role at low excitation energies. Their

effect is to lower the energy of the ground state relative to the first excited state (the

pairing gap). However, they are weakened by excitation energy and angular momen-

tum. Above a critical value the pairing effect can be accounted for by a shift of the

effective excitation energy according to

E* = E - 2Ap even-even nuclei

E* = E - Ap odd A nuclei

E* = E odd-odd nuclei

where Ap=l/2gA0
2 with Ao the pairing energy gap in the ground state [Mor72] and g

the before mentioned density of single-particle states.

The effects of shell structure and pairing correlations can thus be included

empirically by variation of the level density parameter a and energy shift A as free

parameters. This approach is referred to as the back-shifted Fermi gas model as the

energy shift A is reduced relative to the pairing energy gap Ap. These parameters

were determined for a large number of nuclei by Dilg et al. [Dil73], Holmes [Hol76]

and von Egido et al. [Egi86] from a fit to the experimental level densities near the

ground state and at the neutron separation energy. Earlier approaches by Gilbert

and Cameron [Gil65a, Gil65b] used a composite level density formula consisting at

low excitation energies of a constant temperature formula and at higher excitation

energies of the equidistant model level density. In this approach the level density

parameter a was a free parameter in the fit, but the energy shift A was fixed at the

pairing energy gap Ap.

As shown above the level density parameters {a and A) can not be con-

sidered as energy independent if a wide range of excitation energies is spanned. For

this purpose the description of the level densities in the CASCADE code is divided

into three regions of excitation energy [Plih77]. At low excitation energies

(E* < 4 MeV) the experimental level schemes are used. The analytic level density

formula of equation 2.4 is used for medium excitation energies (4 < E* < 10 MeV).

In this energy region (region I) the level density parameter a and energy shift A are

set to the values obtained empirically for each nucleus. At sufficiently high
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excitation energies (E* > ELDM i.e. region III) the nuclei are assumed to behave as

predicted by the liquid drop model [Coh74]. At these energies shell effects are

expected to be washed out and the level density parameter can be set at the average

value a=A/S MeV"1. The value of the energy shift A is for this energy region chosen

such that the virtual ground state for the level density coincides with the ground-

state energy of a spherical liquid drop. This energy can be calculated from the

Myers-Swiatecki mass formula, with shell and pairing corrections removed

[Mye66]. The nucleus is assumed to be deformablc under rotation by an angular

momentum dependent moment of inertia 0 = 0(1+SI2+8I4). The values of 5 and 5

are obtained from the liquid drop model. The energy ELDM is usually set at IS to 20

MeV. The level density parameters for energy region II are linearly interpolated

between the first and third energy region.

2.3 The Hauser-Feshbach theory

The mathematical formulation of the statistical model of compound nuclear

reactions is based on Bohr's independence hypothesis. This hypothesis allows the

cross section of the reaction to be written as the product of two factors, the cross

section a^, for the formation of the compound nucleus (with angular momentum J

and parity n) and the probability Px that it will decay into the channel x

) PxO. *)• (2.7)

The conservation of angular momentum and parity implies that Bohr's hypothesis is

valid for each value of the angular momentum and parity of the compound nucleus

separately, explaining the summation in equation 2.7. All possible decay channels

are assumed to be intrinsically equally likely, except for transmission factors. With

this statistical assumption the decay probability into the channel x can be written as

RX(J, n)

where Rx is the rate of decay into the channel x and the summation is over all open

channels. The decay rates depend on the level densities in the residual nuclei and

barrier penetrabilities, but not on preformation factors in the case of complex parti-

cle emission. Time reversal invariance allows the calculation of the decay rates from
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the cross sections for the time reversed processes. This invariance is formulated by

the reciprocity theorem [Tho64]

(2-9)

where Rpq is the rate that the state p changes to q by emission of particle x and R_q_p

the rate that the state -q changes to -p by emission of panicle -x. The minus signs

denote that all linear and angular momenta have been reversed. The factors gp and

gq are equal to the phase space available for states p and q, respectively.

Equations 2.7-2.9 constitute the basis of the Hauser-Fcshbach theory

[Hau52]. In the next paragraphs the cross section for formation of the compound

nucleus and decay rates for particle and 7-ray emission, as calculated with this

theory, are given. The presentation follows the notation used by PUhlhofer in his

description of the statistical model code CASCADE [Plih77].

The cross section for formation of a compound nucleus of angular momen-

tum J (J=L+S) and parity % from a projectile and target nucleus, with orbital angular

momentum L and spin Jp and JT, respectively, at a cm. energy E is given by [Bla52,

Tho64]

£ JL1"™ (2I0)

where S = J p + J T is the channel spin and the summation over L is restricted by the

parity selection rule n = rrp7tT(-)1'. The transmission coefficients TL(E) are assumed

to depend only on the energy and orbital angular momentum, the latter dependence

is usually approximated by a Fermi distribution

TL exp((L-Lo)/d)

with parameters LQ and d.

The rate Rxd£x for decay of nucleus 1 (with excitation energy Ej, spin ix and

parity 7^) by emission of particle x to the product nucleus 2 (at E2, J2 and ttj) is

[Bla52, Hau52, Tho64]

Jl+S
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where ex, Sx and L are respectively the kinetic energy (Ej-E^-separation energy),

spin and orbital angular momentum of particle x and S = J2 + S, is the channel spin.

The summation over L is again restricted by the parity selection rule. The transmis-

sion coefficients T^e, ) for scattering particle x on nucleus 2 (in the excited state E2,

J2, re2) are obtained from optical model calculations. It is generally sufficient to con-

sider the emission of neutrons, protons and a particles. Note that only the ratio of

the level densities in the initial and final state is needed, which is dominated by the

exponential factors.

The decay rate for y-ray emission is given by [Sar67, Gro67, Rud69]

( 2 1 2 )

where L denotes the multipolarity of the y-ray. The E^L+I term arises from the long

wavelength limit (Xy / RnUC» 1) for the muuipole expansion of electromagnetic

transitions. The strength function ^(Ey) is obtained from the reduced matrix element

for the electric or magnetic transitions of multipolarity L. For the cases considered

in the original version of CASCADE, i.e. El, Ml and E2 transitions, these are taken

as constants, thus independent of y-ray energy.

This original version of CASCADE does not include the y-decay of the giant

dipole resonance (GDR) built on excited states. The rate for resonance decay can be

directly deduced using the reciprocity theorem from the photon absorption cross

section. Thus the decay rate for y-rays of multipolarity L can be written as

where (^(Ey) is the cross section for absorption of a y-ray of multipolarity L by a

nucleus in the excited state E^ J, and 7^. According to the Brink hypothesis that on

each state a GDR can be built similar to the ground state GDR one can take a l b s

from the photo-neutron cross sections. The latter cross sections are well reproduced

by a lorentzian distribution

r*7Ey r G D R +
( 2 1 4 )
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where EGDR, FG D R and am are the energy, full width at half maximum and peak

cross section of the giant dipole resonance, respectively. The integrated cross sec-

tion obtained from integration of equation 2.14 is given by

Ja(Ey)dEr=f omrGDR. (2.15)
o z

The total integrated cross section is given by the Thomas-Reiche-Kuhn (TRK) sum

rule [Ber75] for the absorption of electric dipole radiation

7 /CN^C 27t2e2n~ NZ .- , ,

WdEr=^TX (2"16)

where M is the nucleon mass. Substituting equation 2.14 in 2.13 and solving for am

in equation 2.15 and 2.16 gives the rate of decay for the GDR (thus L = 1)

RGDRdE7= (2.17)

4e2
 g N Z

g E
37tMh-2c3 A y ^ 0 ^ + [ E 2 - E G D R

2 ] 2
[ E Y

2 - E G D R
2

where S is the fraction of the TRK sum rule that is exhausted by the resonance.

Referring to equation 2.12, the strength function for y-decay of the GDR is given by

E 2l- E G D R j

with parameters EQDJJ, r G D R and S. In the case of deformed nuclei the single

lorentzian is replaced by a sum over the two components of a double lorentzian.

2.4 Competition between the statistical emission of neutrons and y-rays

The partial decay widths for emission of neutrons and y-rays are given by

equations 2.11 and 2.12, respectively. The ratio between the level density of the

final and initial states is, using the constant temperature level density function and

an expansion for the exponentials proportional to exp(-Bn / T) for neutron emission,

where Bn is the neutron binding energy, and exp(-E~ / T) for y-ray emission. The

summation over transmission coefficients for neutron emission is approximately

proportional to T2, the nuclear temperature squared. The emission probability per

MeV of El y-decay relative to Tn = f d r , ^ ) , the total neutron width, is then
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156-x Dy

Fig. 2.2 Result of a statistical model calculation with the computer code CASCADE for the 200 MeV

^Ar +• U6Cd -» ls*Dy" (95 MeV) reaction. Shown is the inclusive -y-ray spectrum and the different contributions

to the spectrum from the various decay steps. The individual components are labeled by the number of neu-

trons emitted preceding the y-emission.

approximately proportional to

dr7(EY)/dE7
(2.19)

The qualitative features of the neutron - y-ray competition are apparent from this

equation. For statistical y-rays (Ey < Bn) the exponential factor leads to a strongly

decreasing emission probability with increasing temperature. Just the opposite hap-

pens for the high energy GDR decays (Ey > Bn) leading to an increasing probability

with increasing temperature.

These features are illustrated by the result of a statistical model calculation

for the decay of the 156Dy compound nucleus, formed by the fusion of 200 MeV
40Ar projectiles and a H 6Cd target, shown in fig. 2.2. The different contributions to
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the total y-ray spectrum of each step are shown in the figure, labeled by the number

of neutrons emitted prior to the y-emission. The exponentially decaying background

of statistical y-rays has the largest yield after the emission of 4 or more neutrons,

indicating that these are emitted after the particle evaporation. The largest yield to

the high energy y-ray enhancement, however, stems directly from the first few steps

of the decay cascade directly in competition with the neutron emission.

Experimental confirmation of this picture for high energy y-ray emission was

obtained by Gaardh^je et al. [Gaa84]. They measured the y-ray spectra emitted in

the decay of 166Er and 165Er compound nuclei, produced at initial excitation ener-

gies differing by precisely one neutron binding energy plus the average kinetic

energy of an emitted neutron. The difference between the two spectra yields the

contribution from the first step in the 166Er decay. The experimental difference spec-

trum could be well reproduced by statistical model calculations.

2.5 Modifications in the CASCADE code

Measurements of the y-decay of the giant dipole resonance following heavy

ion reactions are quantitatively analyzed by comparison of the experimental y-ray

spectra with the results of statistical model calculations. For this purpose a modified

version of the computer code CASCADE is commonly used, which differs from the

original code by inclusion of (1) y-decay from the initial compound nucleus and (2)

the GDR strength function (according to equations 2.17 and 2.18).

One of the experiments described in this thesis (chapter V) uses the detection

of delayed y-transitions following the decay of a long lived isomer in 114Sn to select

the y-decay of the GDR in this nucleus. The statistical model calculations, needed

for the analysis of this experiment, should evidently comply with the same condition

of selected decay paths passing through the isomer. This requires another

modification in the CASCADE code, which is described next.

The CASCADE code uses the multistep, gridded method. This method

involves the construction of a grid in Z and A and, for each nucleus, a population

distribution over a two dimensional grid in excitation energy and angular momen-

tum. The calculation starts with calculation of the relative decay widths for neutron,

proton, a-particle and y-ray emission for the initial compound nucleus and generates

the population distributions for the daughter nuclei and the particle energy spectra.
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In the next step the relative decay widths from these distributions are calculated and

the new population distributions generated. This procedure is continued until the

excitation energy in the daughter nuclei has fallen below the particle thresholds and

if one is interested in low energy y-ray spectra till the ground states are reached.

The calculation of the y-ray spectrum feeding an isomer was done with a

small separate subroutine ISOMER, such that the CASCADE code had to be

modified as little as possible. This calculation was restricted to the case of an isomer

in the compound nucleus. The only modification in CASCADE was the calculation

of two matrices, a four dimensional matrix (E^ / i a / , E j ^ , Jim-,ia/, 1 final) giving tf>e

relative decay widths ( r \ , / r t o , ) for y-ray transitions between any two elements in

the compound nucleus and a two dimensional matrix (E , J) of the population distri-

bution in the compound nucleus. The program ISOMER used these to calculate a

three dimensional matrix (Ey, E*, J) giving the weighted y-ray spectrum feeding the

element (E*, J) by direct or indirect transitions from the initial compound nucleus

population. The y-ray spectrum corresponding to the population of an element

(E2, J2) by a transition from element (E*, Jj) is obtained by normalizing the y-ray

spectrum preceding the population of element (E *, Jj) with the relative decay width

of the last step and by adding the contribution from the last step. The calculation is

done step by step from the highest excitation energy down to the energy of the iso-

mer and for all angular momenta. At the end of the calculation the y-ray spectrum

feeding the isomer is then trivially obtained.
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CHAPTER III

Experimental methods and data handling

3.1 Introduction

The statistical decay of the giant dipole resonance (GDR) built on highly

excited states was studied by means of fusion-evaporation reactions induced by light

and heavy ions. The experiments were carried out using in-beam y-ray spectroscopic

techniques. In this chapter the various aspects of the experimental methods are

briefly reviewed. A summary of the reactions used for this study is given in table

3.1.

Beams of accelerated particles were produced with the cyclotrons of the

Vrije Universiteit (VU) in Amsterdam and the Kernfysisch Versneller Instituut

(KVI) in Groningen, These accelerator facilities are briefly described in section 3.2.

The beams were used to bombard thin, self-supporting, metallic foils isotopically

enriched to typically > 95%.

The experimental set-ups consisted of various detector arrangements used to

detect the y-radiation emitted in the reactions. The detectors for low energy y-rays

are described in section 3.3, with special emphasis on the properties of the Ge tele-

scope. This detector has been used in several of the experiments to identify the

characteristic y-rays from the different reaction channels and to normalize the data.

A description of the detectors for high energy y-rays and the determination of the

response functions for these detectors is given in a separate chapter (IV). Further

details on the individual detector arrangements can be found in chapters V and VI.

In the course of this work much effort has been invested in software develop-

ment. For the experiments at the VU a data acquisition package was written. The

data acquisition facilities and programs at the VU and KVI are described in section

3.4. During an experiment a vast amount of data is collected and stored on mag-

netic tape. The off-line analysis of these data requires a fast and highly flexible sort-

ing program. The extensive software package developed for this analysis is
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described in section 3.5.

Table 3.1 Summary of the reactions described in this thesis. The proton capture reactions were per-

formed to measure the response function of a large Nal(Tl) detector for high energy y-rays. This

detector was used in the a-particle induced reactions to study the statistical decay of the GDR in
1 uSn. The "°Ar induced reaction on ' 16Cd was performed to search for the decay of the GDR built on

supcrdeformed states in 152Dy.

reaclion

llB(p,y)12C
12C(p, y)13N

u0Cd(a,y)1I4Sn
n oCd(a, ny)mSn
n iCd(a,ny)U 4Sn
n2Cd(a,2ny)U4Sn

" ' C d ^ A r , xny)156-xDy

performed at

VU

VU

KVI

beam energy

7.2 MeV

14.4 MeV

24 and 26 MeV

205 MeV

chapter

IV

V

VI

3.2 Beam facilities

The experiments using light ion beams (A < 4) were performed with the

AVF cyclotron of the Vrije Universiteit in Amsterdam. Beams of these particles

could be produced with energies up to a limiting value of 30 q2/A MeV. For the pro-

duction of heavy ion beams (40Ar) the AVF cyclotron of the Kernfysisch Versneller

Instituut in Groningen was used. The heavy ions were produced by an external ECR

ion source and axially injected into the center of the cyclotron [Ass85]. They could

be accelerated up to 160 q2/A MeV. The 40Ar beams needed for the experiments

were at - 5 MeV per nucleon which is just the energy at which one has to switch the

operation of the cyclotron from the first to the third harmonic of the r.f. system. The

energies at which the first harmonic operation is possible are generally preferred

since they give a better long term stability of the cyclotron and a larger time dis-

tance between the bursts.
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Fig. 3.1 Time spectrum of the particles stopped in the beam dump relative to the cyclotron r.f. signal divided by

14, measured with a plastic scintillator. The upper spectrum shows the burst structure with burst suppression

and the lower spectrum the structure without suppression.

Beams produced with a cyclotron have a pulsed time structure. The time

interval between successive bursts of particles was -100 ns and -200 ns for the VU

and KVI cyclotron, respectively. This interval had to be extended to much larger

periods for some of the experiments performed at the VU. For this purpose the

burst suppression system described by Ketel was used [Ket77]. The method is

based on axial deflection of the ions in the center of the cyclotron, using a deflector

consisting out of two isolated electrodes which encompass the first orbit of the ions

in the cyclotron. Acceleration of the ions is prohibited by connecting one of the

deflector plates to a DC voltage of -200 V. A High Voltage pulse of -100 V and

width 80 ns, which is smaller than the wavelength of the r.f. signal, applied to the

other deflector plate causes a small burst of ions to be accelerated. Such a pulse was

generated by dividing the pulses of the r.f. system by a fixed number and using this

signal to trigger a power amplifier. The burst structure could be monitored by
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measuring the time spectrum of the particles arriving at the beam dump relative to

this divided signal with a plastic scintillator. A typical result is shown in fig. 3.1.

This spectrum shows only two satellite bursts next to the main burst with relative

intensities somewhere between 2% and 0.1%. The satellite bursts in the time range

from 200 - 1000 ns following the main burst were completely suppressed. To obtain

such a result required careful and time-consuming fine tuning of the cyclotron in

order to get single-turn extraction. The burst suppression reduced the final beam

currents by a factor of 100. During an experiment continuous additional corrections

were needed to compensate for long term instabilities of the cyclotron. There was

no system available for burst suppression at the KVI cyclotron.

3.3 Detection systems

A study of the statistical decay of the GDR requires the detection of low and

high energy y-rays. For the detection of high energy y-rays (in the range of 5 - 20

MeV) two detectors were available. The measurements at the KVI were done with a

large 10 xl4 Nal(Tl) y-ray spectrometer and the measurements at the VU with a

large segmented Nal(Tl) detector. A detailed description of the response of these

detectors to high energy y-rays is given in chapter IV.

Cooled high-purity Ge and Lithium drifted Ge detectors were used for the

identification of the final nuclei produced in the reactions by observing the charac-

teristic low energy y-rays. The high resolution of these detectors, typically 2.0 keV

at EL=1.33 MeV, makes it possible to resolve the individual y-ray peaks in the com-

plex spectra. The background in these spectra is composed out of two contributions,

an instrumental and a physical component. The physical background is caused by

the unresolved "quasi-continuum" radiation emitted in the reaction. The instrumen-

tal background stems from events in which the incident y-ray, after Compton

scattering, escapes from the Ge crystal. This background can be suppressed by sur-

rounding the Ge detector with an active shield which is operated in anti-coincidence.

The first generation of these Compton suppressed spectrometers (CSS) incorporated

Nal shields [Lin78, Aar81]. These shields had to be large for an efficient rejection of

the scattered y-rays, which made the application in multi-detector configurations

impractical. A strong stimulation for using CSS systems was given by the availabil-

ity of the new material Bismuth Germanate Bi4Ge3Oi2 (BGO). Due to the high
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intrinsic detection efficiency, 2.5 times larger than Nal, the shields constructed with

BGO could be made much smaller. Shields of both the symmetrical and asymmetri-

cal type have recently been constructed. While the symmetrical type is favoured for

multi-detector arrangements, it has the disadvantage of reduced suppression both at

low y-ray energy and at the Compton edge caused by the lack of shielding in for-

ward and backward directions. To improve rejection in the forward direction, sys-

tems using a BGO catcher in combination with a thin cold finger have been con-

structed [Nol85]. The state of the art, however, are the Ge telescopes with BGO

shields constructed at Darmstadt [Eml86, Mic86] and the VU [Bot86, Pen86,

Ver86].

Na l
f ^hhhJL Il>'

10 cm

Fig. 32 Schematic drawing of the Ge telescope and Nal+BGO Compton suppression shield. The telescope con-

sists of a 34 mm x 11 mm planar n-type Ge, a SO mm x S3 mm coaxial n-type Ge and a SO mm x SO mm coaxial

p-type Ge detector. The dead layers of the Ge crystals are indicated by thick lines. The thin walled aluminium

detector housings of the telescope and shield are schematically indicated by the shaded contours. The shield

consists of eight trapezoidal BGO crystals and a Nal front part. Only one of the eight photomultiplier tubes is

shown in the figure.

A schematic drawing of the VU spectrometer is shown in fig. 3.2. The tele-

scope consists of three high-purity Ge detectors, respectively a planar n-type Ge, a

coaxial n-type Ge and a coaxial p-type Ge detector all mounted in the same cryostat

A high-purity Ge detector is best suited for use in an anti-Compton system since it
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Fig- 3.3 Spectrum of " t o taken with the middle Ge detector in single mode and in anti-coincidence with the

planar ar.J back Ge detectors and the Nal+BGO shield. The lev.-, part shows the corresponding Compton

suppression factor (CSF).

does not have a dead layer at the outside of the crystal. The back detector was made

of p-type material for economical reasons. To avoid absorption of the scattered y-

rays on inactive material the wall thickness of the cryostat, detector holder and

shielding between detectors were kept as thin as possible (< 0.5 mm) and made of

low Z material (Al). The efficiencies, resolutions and peak to Compton ratios of the

individual Ge detectors are listed in table 3.2. The Ge telescope is surrounded by an

axially symmetric shield which consisted of 8 trapezoidal, optically coupled, BGO

crystals, each equipped with a separate PM tube. The minimal thickness of the BGO

shield was 3 cm, which is enough to detect the scattered y-rays with a high

efficiency. A disadvantage of BGO is the much lower light output compared to Nal.

For this reason the front part of the shield, which is used to detect the low energy
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back-scattered y-rays, was made of Nal. The scintillation light produced in the Nal

is viewed by the PM tubes through the BGO.

Table 3.2 Measured detection efficiencies, resolutions and peak to Compton ratios (P/C) for the indi-

vidual detectors of the Ge telescope. The efficiencies are given relative to a 3"x3" NaI(Tl) crystal at

E.,=1332 keV placed 25 cm from the source. The peak to Compton ratios were measured with each

detector in a separate cryostat.

detector

planar

n-type

p-type

efficiency

20.1 %

20.0%

FWHM(Ey=122keV)

0.6 keV

0.8 keV

1.0 keV

FWHM(E^1332keV)

1.6 keV

1.8 keV

1.8 keV

P/C

1:19.7

1:50.2

1:50.3

The telescope can be used in several Compton suppressed modes. The best

suppression is obtained for the middle Ge detector in anti-coincidence with the

planar Ge, back Ge and Nal+BGO shield, since in this case a 4rc configuration is

obtained for the suppression shield. The resulting spectra of the middle Ge detector

in single mode and in anti-coincidence with the complete shield, measured with a
60Co source, are shown in the upper part of fig. 3.3. The Compton suppression fac-

tor (CSF) defined as the ratio between the intensity in these two spectra is shown in

the lower part. The background in the fully suppressed spectrum is almost flat, in

contrast with the conventional symmetrical CSS systems for which a large variation

in the background intensity is obtained. Also noted from this spectrum is the

absence of the Compton edge and back-scatter peak. This nice feature, in combina-

tion with the excellent suppression factor, makes the telescope very suitable for

measuring complex y-ray spectra.

The planar detector is not only used as part of the suppression shield but also

as a high resolution detector for low energy y-rays. The single and fully suppressed

spectra, measured with a 137Cs source, are shown in the upper part of fig. 3.4 and

the corresponding CSF in the lower part. The sharp Compton edge in the

suppressed spectrum shows the disadvantage of lack of shielding in backward direc-

tion. This problem is less important at y-ray energies around 200 keV, for which the
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Fig. 3.4 Spectrum of ™Cs taken with the planar detector in single mode and in anti-coincidence with the other

Ge detectors and Nal+BGO shield (upper part) and the corresponding Compton suppression factor (lower part).

planar detector is predominantly used, since at these energies the photo-electric

effect dominates over the Compton effect. In an in-beam experiment, however, the

low energy 7-rays are accompanied by a large number of higher energy y-rays giving

rise to a background at low energy due to the Compton scattering in forward direc-

tion. With the present system this background can be reduced by one order of mag-

nitude.

A third mode of operation of the telescope is in a coincidence mode of

planar and middle Ge detector and using the back Ge and Nal+BGO as Compton

suppression shield. The CSF in this sum mode is very high but, unfortunately, the

full energy peak efficiency is also much lower. As a figure of merit the improvement

in the peak to total ratio compared to the middle Ge detector in single mode can be

used. This number is -1.5 times worse than obtained for the middle Ge detector in

all veto mode [Bot86]. An interesting feature of the sum mode is the absence of
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neutron induced edges in the in-beam y-ray spectra [Pen86]. The neutron inelastic

scattering excites 0+ levels in Ge at -600 and -700 keV which can only decay by

emission of conversion electrons. These electrons can not escape from the crystal

and hence do not contribute to the coincidence spectrum.

The high energy y-ray spectrometers and Ge detectors were used in coin-

cidence with other detection systems to increase the selectivity of the measure-

ments. These systems included Nal detectors for detection of delayed transitions fol-

lowing the decay of an isomer in a particular nucleus. With this technique the y-

rays emitted in the decay of a selected final nucleus can be isolated (chapter V).

Furthermore the properties of the "quasi-continuum" radiation were used to select

particular y cascades. The total energy removed by the y-rays, measured with a sum

spectrometer, and the number of y-rays emitted, measured with a multiplicity filter,

were used for this purpose. A detailed description of these methods is given in

chapter VI.

3.4 Data acquisition

The data acquisition at the VU was done with a PDP 11/34 computer, run-

ning with the UNIXf operating system, which was coupled to a CAMAC standard

interface. With this system CAMAC ADC's, TDC's, coincidence registers and

sealers could be read out. A home made CAMAC module was used to generate the

LAM (Look at Me) interrupt to the CAMAC controller from the experimental event

trigger. The controller then started readout of the different modules. To control the

data acquisition the program DACQ was developed^. This is a multiparameter data

acquisition program, which allows for a high degree of flexibility in the CAMAC

configuration used. The communication with the experimentalist is done in an

interactive command mode. The program was written in the programming language

C [Ker78].

The small memory of the PDP computer (128 kb) puts severe limitations on

the size of the programs that can be loaded. There are two ways to overcome this

problem. The program can be split up in a number of smaller processes that have to

t UNIX is a trademark of AT&T Bell laboratories.
$ I would like to thank A. Ullings for his assistance in the development of the program.



- 3 5 -

be executed simultaneously. The different parts are then continuously swapped

between main memory and disk. A disadvantage of this approach is the overhead

needed for synchronization and communication between the different processes.

The strategy followed for DACQ is to divide the tasks into parts that can be exe-

cuted sequentially. A logic diagram of the different subprograms is shown in fig.

3.5. First the program INTT is executed in order to define the number and sizes of

the histograms that are needed, the operations to be performed on the data (i.e.

updating of spectra etc.) and the CAMAC modules that have to be read out with the

corresponding addresses in the crate. For this purpose the program INIT is equipped

with a tailor-made screen-oriented editor. The information is stored on two sets of

files, user definable files and a fixed set of files masked for the user. The latter are

used to communicate information between the different subprograms.

SPECTRUM
OPERATION
AND DEVICE
DEFINITIONS
(USER FILES)

SPECTRUM,
OPERATION
AND DEVICE
DEFINITIONS

Fig. 3.5 Logic diagram of the multiparameter data acquisition program OACQ. Details are explained in the text.

The pre-processor PREP checks the spectrum and operation definitions for

errors and inconsistencies and creates the operation lists needed in the main pro-

gram. With a table containing predefined NAF (Number-Address-Function) codes

for reading and clearing the CAMAC modules a list of programmed 10 instructions

is made. The addressed modules are checked by sending appropriate test instruc-

tions. The operation and CAMAC 10 instruction lists are stored on file. The
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execution image of the main program DACQ is then loaded into memory. The

operation and CAMAC instruction lists are read from file and the memory for the

spectra is dynamically allocated. Simultaneously the separate program DISPLAY is

started, providing display facilities of the spectra on a fast graphics monitor. The

spectrum to be displayed is transported by an 10 connection between the two

processes and the display parameters are communicated through a file. The com-

munication between the two processes must be accurately synchronized (sema-

phores).

On command the main program starts accumulating data, which are stored

in an internal 2k buffer, executes the operations for on-line data analysis and, if

requested, dumps the contents of the buffer on magnetic tape. Each event is pre-

ceded by a one word event header containing the size of the event. In some cases

the data were directly transported to a VAX 11/750 via an Ethernet network connec-

tion. If no keyboard interrupt was received during accumulation it is continued with

the next buffer, otherwise the specified command is executed. The maximum attain-

able event rates were limited by the CAMAC controller to -500 events per second

(in 4-parameter mode).

The program SHOW can be executed separately on a teletype terminal to

print the currently used spectrum definitions, operations for on-line data processing,

addressed CAMAC modules and the manual of the data acquisition program.

The data acquisition at the KVI was done with a VAX 11/750 computer

working under the VMS operating system. Reading out of the CAMAC modules

was done with the program DAQ [Kro84]. This program has no facilities for on-line

data analysis, but by using mailboxes it can communicate the data to the off-line

analyzing program PAX running at the same time [Kro81].
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3.5 Data analysis

The off-line data analysis is by far the most time-consuming step in the chain

from setting up an experiment till the final results. A typical experiment will result

in 50-100 magnetic tapes, containing the multi-parameter list-mode data that have to

be analyzed. This analysis requires interactive programs providing fast and highly

flexible sorting facilities, in such a way that one can directly control each step of the

process and inspect the results of the analysis at any moment. At the time this work

started such interactive programs were not available. With the above considerations

in mind the program ANALYS was written, in collaboration with R. Hamers, creat-

ing a software environment which provided the tools needed for the off-line data

analysis!. A logic diagram of the program is shown in fig. 3.6. In view of the size

and complexity of the program a structured and modularized architecture is

indispensable. The program was written in the C programming language for reasons

of, among others, structured source code, possibility to define general data types and

the versatile pointer facilities. It is distributed over more than 40 files and can be

grouped in the different categories shown in the figure. Each of these categories con-

stitutes a separate module for performing a specific task. The total size is -15.000

lines of source code.

Control is shared between the command interpreter and, if active, the event

processor. The event processor provides flexible data analysis facilities independent

of the details of the analysis or the particular experimental configuration. Further-

more it can handle the different formats of the data taken at the VU, KVI as well as

NIKHEF-K. The operations to be performed on the data are defined in the event

processing list. The basic elements on which the processor operates are called

descriptors. The first word of each event corresponds with descriptor 1 and the last

word with descriptor N. Descriptors N+l,.... are available as output descriptors to

store the results of arithmetic operations. Logical flags, identified by a decimal

number, can be used to define conditions. Some operations are used to set condi-

tions, i.e. one- and two-dimensional gates or testing of bit patterns, while others are

used to test them, i.e. conditional updating of spectra. An arbitrary number of condi-

tions can be combined with the logical AND or OR operations. At the beginning the

11 would like to thank A. Ullings for his assistance in the development of the program.
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list is inspected for errors and inconsistencies, i.e. multiply defined or undefined

conditions etc. Macro's can be defined and used within the list in order to avoid

errors and increase the readability and comment lines can be added. The processing

code was optimized firstly by optimization of the algorithms and data structures

used (linked lists, balanced trees) and secondly by inspection of the assembler code

produced by the compiler.

INPUT
(TERMINAL)

DATA
(TAPE/DISK)

JL
COMMAND
INTERPRETER

JL
EVENT
PROCESSOR

USER
MODULES

I
APPLICATION
MANAGER

r

GRAPHICS

i .i

H
1

SPECTRUM
LIBRARY

SPECTRUM
FITTING

f

SPECTRUM
HANDLING

TABLE
EDITING

Fig. 3.6 Logic diagram of the off-line data analysis program ANALYS. Details are explained in the text.

The commands, given from the terminal, are parsed by a table driven com-

mand interpreter. The application manager then selects the module needed to exe-

cute the command. These modules include facilities for:

graphics:

Display of spectra on graphics terminals and simulated display on

alphanumeric terminals. Plots of spectra on plotting devices.

spectrum library :

Storage of spectra on disk files. The libraries are organized in modules to

which all spectra can be saved (or loaded) in one operation.

spectrum fitting :

Least squares fitting of spectra with a gaussian peak shape or gaussian plus

an exponential tail extending on one side. The background is obtained from a

cubic spline interpolation between the predefined coordinates. Starting
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values for the background coordinates and peak positions can be entered

numerically or in an interactive communication with the graphics display.

The quality of the fit can be inspected directly by displaying or plotting the

experimental spectrum and result of the fit. A simple statistical analysis is

also included giving content, centroid and FWHM (and errors) of a peak

with or without background subtraction.

spectrum handling :

A collection of routines needed to perform frequently used operations on

spectra. Examples are addition of spectra, multiplication by a number, chan-

nel transformations etc.

table editing :

A screen oriented editor enables editing of the tables used in the program.

These include the spectrum table, event processing list, plot parameters and

fit parameters. The memory for the spectra is dynamically allocated and the

amount of memory allocated automatically increased or decreased every

time the spectrum table is modified. The spectra and tables can be accessed

by all modules.

The command table can be extended with commands defined by the user and user

routines can be linked to the main program.

The off-line data analysis puts stringent demands not only on the software

but also on the hardware. At first the analysis was done with a VAX 11/750 com-

puter. Recently powerful and low-priced microsystems became available which

serve very well as a stand alone analysis system. The system used for the analysis of

a large body of data consisted of a cpu (central processor unit) board, with a

MC68020 processor and MC68881 floating point coprocessor, and a 2 Mb main

memory board. These were interfaced by a VME bus to a 170 Mb disk drive, tape

unit and an Ethernet board which provided a network connection to the VAX. The

performance of this system compares favourably to the VAX with processor speeds

of 2.0 MIPS (VAX 0.8) and 0.75 MFlop (VAX 0.7). Both computers use the UNIX

operating system.
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CHAPTER IV

The detection of high energy y-rays

4.1 Introduction

The spectrometers used for high energy y-ray detection in different kinds of

nuclear reactions are basically the same. They consist in general of a large central

Nal(Tl) crystal surrounded by a plastic scintillator anti-coincidence shield. A high

energy photon, incident in the central detector, will produce a cascade shower of

secondary particles (photons, electrons and positrons) by pair production and subse-

quent interactions. The shower products that escape from the central detector are,

with a high probability, detected in the plastic scintillator in which case the event

can be vetoed. This plastic shield is furthermore used to reject events caused by

incoming cosmic rays. The whole assembly is surrounded by lead, which serves as a

shield against background radiation and to improve the rejection of cosmic rays.

With these spectrometers a combination of good energy resolution (AE/E = 2% at

Ey = 22 MeV), reasonably high detection efficiency and good cosmic ray suppres-

sion (> 99%) has been achieved [Has74, Kis82, San84]. The spectrometer used for

the experiments at the KVI (chapter VI) is an example of such a system. This detec-

tor is described in section 4.2.

A simple system consisting of only a large NaI(Tl) detector can provide a

good alternative for the above mentioned spectrometers if a very good energy reso-

lution is not ultimately required. For example, to study the gross structure of the

giant dipole resonance strength function a resolution of 1 MeV (AE/E = 7%) would

be sufficient. The experiments performed at the VU (chapter V) made use of a bare

segmented Nal(Tl) detector. This detector is described in section 4.3.

The response functions of the KVI and VU detectors to high energy y-rays

must be known in order to fold the theoretical y-ray spectra, obtained from statistical

model calculations, with the detector response. These calculations are needed to

extract the GDR parameters from the experimental y-ray spectra, as described in

chapter II. Furthermore, the featureless y-ray spectra do not provide clear
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calibration points at high y-ray energy. This makes a calibration with high energy

y-rays essential. The response functions of both detectors were determined, for

several values of the incident y-ray energy, by a combination of measurements and

Monte Carlo calculations.

The measurement of the detector response function and the determination of

the energy calibration requires sources of monochromatic high energy y-rays. Cali-

bration sources can not be used for this purpose since the highest attainable energies

are 6.13 MeV (244Cm-13C) and 4.44 MeV (244Crn-9Be). The in-beam study of

nuclear reactions can be used if the y-rays are produced by well isolated transitions.

Two good candidates are the radiative capture reactions of protons in n B and 12C,

respectively. The first reaction produces y-rays by decay to the ground state and

first excited state of C. The cross section for decay to the ground state shows a

broad peak with a maximum at Ep = 7.2 MeV, whereas it is more or less constant for

decay to the first excited state [Col82]. Due to energy conservation, the y-ray ener-

gies are related to the proton energy according to :

E T > - ^ - E p + 15.957 MeV

Eft = -jjEp+11.518 MeV

The second reaction produces 15.07 MeV y-rays by capture to the ground state in
13N, caused by a very sharp resonance centered at Ep = 14.24 MeV [Die68, Mar75].

The response function and energy calibration were measured with the first reaction

for the KVI detector and with both reactions for the VU detector. The results are

described in sections 4.2 and 4.3, respectively.

Monte Carlo calculations can be used complementary to experimental meas-

urements to determine the detector response function. If the calculations reproduce

well the experimental detector response they can then be used to obtain this

response at other y-ray energies. These calculations can also be used to investigate

the effect of changes in the detector configuration. The Monte Carlo code used for

the calculations and the results for the KVI and VU detector are described in section

4.4.
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4.2 The KVI y-ray spectrometer

4.2.1 Detector configuration

A schematic drawing of the KVI y-ray spectrometer is shown in fig. 4.1. It

consists of a large 10 x 13 Nal(Tl) crystal and an 1 thick layer of inactive Nal cry-

stal, which is surrounded by a plastic scintillator anti-coincidence shield and a lead

shield [Hof85]. The scintillation light produced in the Nal(TI) crystal is collected

by seven 3 photomultiplier tubes mounted to the back plane of the crystal. The

procedure described by Sandorfi and Collins [San84] was followed by Hofmann et

al. [Hof84] to optimize the position homogeneity of the Nal(Tl) crystal. This pro-

cedure consists of measuring the response to y-rays from collimated 137Cs (Ey = 0.66

MeV) and 244Cm-13C (Ey =6.13 MeV) sources placed at various positions across

the surface and adjusting the reflective coefficient of the light at the surface. The

wall thickness of the aluminium detector housing is 1.6 mm.

Fig. 4.1 Schematic drawing of the KVI Y-ray spectrometer. The central NaI(Tl) detector (dotted region) is sur-

rounded by a NE102 plastic scintillator shield (shaded region) and an outer lead shield (cross-shaded region).

Not shown in the figure are the aluminium housings of the NaI(Tl) crystal and plastic scinlillator.

The plastic scintillator (NE102) shield consists of two parts, a 4" thick and

20 long annulus and a 4 thick front disk. The annular part is divided into six opti-

cally separated segments, each viewed by two photomultiplier tubes. The light pro-

duced in the front disk is collected by two photomultiplier tubes mounted on oppos-

ing sides of the disk, through holes in the lead shield. The annular and front plastic

shields are mounted in aluminium housings with wall thickness 0.8 and 0.5 mm,
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Fig. 4.2 Prompt y-ray spectrum of the nB(p, y) reaction measured by Hofmann et al. [Hof85] with the KVI fray

spectrometer in anti-coincidence with the plastic scintillator shield. The solid line shows the result of a double

peak fit to the spectrum with the line shape parametrization given by equation 4.1.

respectively. This whole assembly is surrounded by a 4 thick lead shield. The front

part of this shield serves as a conical collimator with dimensions chosen such that at

a source - Nal(Tl) detector distance of 50 cm the cone formed by the source and col-

limator intersects with the full back plane of the crystal. The inner part of this colli-

mator can be taken out to obtain a wide angle collimator exposing the whole front

face of the NaI(Tl) crystal.
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4.2.2 Response function and energy calibration

The response of the KVI y-ray spectrometer to 22.6 MeV y-rays has been

measured by Hofmannf with the nB(p, y) reaction. The resulting spectrum is

shown in fig. 4.2. For this measurement the inner part of the collimator was taken

out. The y-ray spectrum measured in anti-coincidence with the plastic scintillator

shield yielded an energy resolution of 2.0%. The detection efficiency was deduced

from the beam current, target thickness and the known cross section of the reaction.

The peak detection efficiency, corrected for solid angle, obtained for the 22.6 MeV

y-rays was (39±10) % for the total spectrum and (18±5) % for the accepted spec-

trum. The detection efficiency was also measured by Poelhekkenf at Ey = 6.13 MeV

using the 16O(a, ay) reaction. The scattered oc-particles were measured with a mag-

netic spectrograph in coincidence with y-rays in the Nal spectrometer. The spectro-

graph singles to angle integrated coincidence rates then yields the efficiency of the

Nal spectrometer. The resulting values for the intrinsic peak detection efficiency are

(62+10) % for the total spectrum and (31±10) % for the accepted spectrum. Com-

parison of these values shows that the peak detection efficiency is dependent on the

y-ray energy due to the varying dimensions of the y-ray shower.

The line shape, as a function of channel number x, for a peak with centroid I

can be parametrized as the sum of two components, a gaussian G(x) and a tail T(x),

defined as [San84] :

21

G(x) =

1 -exp
x - I
GBo

for x < I

T(x)=0 forx>I . (4.1)

In this equation A is the area of the gaussian part of the peak and 2.35a its associ-

ated width. The exponential tail is defined by the parameters C and D. Parameter G

defines how this tail smoothly merges with the gaussian. The energy dependence of

the detector resolution is taken into account with parameter B. It is equal to unity for

11 would like to thank drs. H J. Hofmann and drs. T.D. Poelbekken for giving their results prior to
publication.



- 4 6 -

a reference peak at channel Io and set to (I/I0)1/2 in order to obtain the line shape for

a peak at channel I. The values of the line shape parameters are dependent on the

channel calibration used. They are given in the new system after the transformation

x' = ax + P by C = C/a, D = D/a, a -aa and I = al + [3 whereas A, B and G

remain constant. The result of a two peak fit, without background, to the nB(p, 7)

spectrum is shown in fig. 4.2. The two peaks were fitted with the same set of

parameters C, D, G and o by taking B = 1.0 and 0.896 for the y0 and 7] peaks,

respectively, whereas I and A were allowed to vary for both peaks separately. The

resulting values of the line shape parameters are C = 0.147 (11) MeV"1, D = 0.70 (4)

MeV"1, G = 0.96 (9) and a = 0.223 (7) MeV.

The good energy resolution of the KVI y-ray spectrometer makes it a useful

instrument to investigate structure effects in the giant dipole resonance strength

function, for example caused by deformation splitting (chapter VI). The energy

calibration proved to be linear up to the highest available point at 22.6 MeV.

4.3 The VU detector

4.3.1 Detector configuration

The detector used in the experiments performed at the VU for the detection

of high energy 7-rays was originally designed as a sum spectrometer [Ruy82]. This

detector, in the configuration as a single high energy photon detector, is shown

schematically in fig. 4.3. It consists of six identical mechanically-separated seg-

ments of NaI(Tl) crystal, together forming a cylinder of both length and diameter 40

cm with an axial hole of 8 cm diameter. The scintillation light produced in a Nal

segment is transmitted to the photomultiplier by a 5 cm long perspex light guide.

The axial hole of the spectrometer was filled with a cylindrical Nal(Tl) detector.

The energy resolution of the individual segments and central detector is - 10% at

Ey = 662 keV. Two rings of lead were used as a collimator for the detector. The

inner diameters of these rings are 33 and 35 cm, respectively, and both are 5 cm

thick.

The division of the spectrometer into six segments and a central detector

allows two modes of operation. Each of these individual elements can be used as a

separate detector (which will be denoted as the anti-coincidence mode) or they can

be combined to obtain a total detector (denoted as the sum mode).
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Fig. 4.3 Schematic drawing of the VU detector (sum spectrometer) in the configuration as a single high energy

photon detector. Details are explained in the text.

4.3.2 Experimental procedure

The response of the VU detector to high energy y-rays was measured using

the radiative capture reactions of protons in n B and 12C, respectively. The energy

of the proton beams, produced with the AVF cyclotron of the Vrije Universiteit, was

determined with an analyzing magnet. The proton energy was 7.24 MeV for the

capture in n B and 14.38 MeV for the capture in 12C. The targets used were a 100

jig/cm2 self-supporting n B target and a 2 mg/cm2 self-supporting 12C target, both

enriched to more than 99%, placed at an angle of 55° with respect to the beam axis.

The energy of the y-rays produced by capture of 7.24 MeV protons in n B are 22.59

and 18.15 MeV.

A difficulty arises when the resonant radiative capture in 12C is measured

using a proton beam produced with a cyclotron. The small width of this resonance

together with the small amount of energy loss of the protons in the 12C target

requires the proton energy to be very close to the resonance energy. However, the

cyclotron beam energy can not be varied in very small steps and it will have some

energy spread. The resonance was for this reason not optimally excited and, despite

the accurately known reaction cross section, could not be used to determine the

detector efficiency. A competing reaction is the capture of protons in I6O producing

a continuous background of high energy y-rays up to 14.8 MeV.

A logic diagram of the electronics used in the experiment is shown in fig.

4.4. With a discriminator (DIS) the threshold for accepted events was set at approxi-

mately 10 MeV y-ray energy. Since the output of this discriminator will show a
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considerable time walk as a function of y-ray energy the time definition was

obtained with a constant fraction discriminator (CFD) operated at a low threshold.

The energy detected in any of the segments and the central detector and their respec-

tive time differences with the cyclotron RF were recorded event by event on mag-

netic tape. The gain stability during the experiment was checked by monitoring the

position of the 4.4 MeV peak, for which no shifts were found.

• ADC # /

PM#;

STOP TDC# 1

Fig. 4.4 Logic diagram of the electronics used in the (p, y) experiments. Shown is the part needed for one of the

seven individual elements of the detector, the six segments and the central part, defining an accepted event.

The time relations between coincident signals are schematically indicated.

The absence of a plastic scintillator and lead shield around the VU detector

requires other techniques for the suppression of background radiation and cosmic

rays. The background radiation can be suppressed by shielding the sources of radia-

tion instead of the detector. The strongest sources are the beam line downstream of

the target and the beam dump, which were shielded with blocks of paraffin and lead.

Furthermore, high energy y-rays are produced by scattering of the protons from slits

in the beam-transport system. The detector was shielded from these y-rays by a lead

wall placed along the side of the detector facing the cyclotron. The pulsed time

structure of the cyclotron beam was used to suppress events caused by incoming

cosmic rays. A correction for burst-uncorrelated random coincidences will eliminate

this contribution from the y-ray spectrum. The suppression obtained (~ 98%) in this



- 4 9 -

way is comparable to the rejection realized with a plastic scintillator and a lead

shield around a central Nal detector. A disadvantage, important in the case of weak

transitions, are the statistical errors introduced by the random subtraction. Neutrons

were separated from y-rays by using the difference in time of flight from the target.

The detector-target distance was 77 cm for the experiment with the U B target and

60 cm for the experiment with the 12C target.

4.3.3 Response function

The simplest mode of operation of the VU detector is to use the individual

segments and central cylinder as separate detectors. The sum of the Y-ray spectra for

the nB(p, y) reaction is shown in fig. 4,5(a). The energy scales of this and following

y-ray spectra were corrected for non-linearities with the procedure described in the

next subsection. The two peaks correspond to capture to the ground state (Ey0 =

22.59 MeV) and first excited state (E^ = 18.15 MeV) of 12C. In this spectrum a

large tail at the low energy side of the peaks is observed. This tail arises from the

high probability that part of the y-ray shower escapes from a segment. As a conse-

quence only a modest resolution of 11.6% at Ey = 22.6 MeV is obtained. The pho-

tons, electrons and positrons that escape from a segment are, in part, scattered into a

neighbouring segment or the central detector. These events can be rejected by

requiring an anti-coincidence between the different elements of the detector. The

resulting y-ray spectrum rejected by this condition is shown in fig. 4.5(b) and the

accepted spectrum in (c). Comparison of the total and accepted spectra shows that

the peak positions are shifted to lower energies in the total spectrum caused by the

large intensity of the single escape peak. With the anti-coincidence requirement

49% of the total spectrum is taken away, located in the tail and escape peaks. The

procedure clearly improves the line shape, resulting in a resolution of 8.1% for the

accepted spectrum at Ey = 22.6 MeV. The diameter of the central detector is too

small to contain the full high energy y-ray shower resulting in a low peak detection

efficiency. For this reason it was not used as a signal detector but only as part of the

anti-coincidence shield in this mode.

Further improvement in the detector line shape could be obtained if not only

the events in which the energy deposition is spread over more than one segment are

rejected but also those in which part of the y-ray shower escapes to the outside of the
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20x10
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Fig. 4 3 Sum of the individual prompt segment spectra measured with the "B(p, y) reaction, corrected for

burst-uncorrelated random coincidences. Shown are the total spectrum (a) and the spectra rejected (b) and ac-

cepted (c) by an anti-coincidence requirement between the different elements of the detector. The individual

segment spectra were corrected for non-linearities in the energy calibration before they were added (c.f. section

4.3.4).

total detector. In the following a correction procedure will be presented to compen-

sate for this contribution which, when applied to the off-line analysis, gives results

analogous to what would be obtained by using a pla'tic scintillator shield around the

detector. The procedure is a first order correction based on the approximations that

the direction of incident 7-rays is parallel to the detector axis and further that the

shape of a segment, as viewed from the front, is almost an equilateral triangle. The

physical processes underlying the creation of the y-ray shower are independent of

the azimuthal angle <|> with respect to the direction of the primary particle. Averaged
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over a large number of events this means that the spatial distribution of the y-ray

shower is independent of the angle <j> with respect to the direction of the incident y-

rays. With these approximations the number of events in which part of the y-ray

shower escapes from a particular side of a segment will be the same for all three

sides as well as the energy spectra corresponding to these events. The spectra

accepted and rejected by an anti-coincidence shield will thus be independent of the

particular side along which it is placed. This does not apply to the front plane since

the physical processes will depend on the polar angle 0. The number of particles

escaping from the back plane can be neglected.

x10

12

oo 10
z

8 8
L L

O
CE R
LJ D
CD

t

E7(McV)

Fig. 4.6 Prompt y-ray spectrum of the "B(p, *f) reaction measured with the VU detector in the anti-coincidence

mode and applying a geometrical correction for escape radiation to the outside of the detector. The solid line

shows the result of a double peak fit to the spectrum with the line shape parametrization given by equation 4.1.

The number of events for a segment (Nwte/) can be written as the sum of

events in which all energy is deposited in this segment (N(0)) and the events in

which one particle (N^f), two particles (N^ff) or more escape from a segment
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= N(0) + N(ff (seg) + Nfl^Kg") + N(?f (seg) + N$f(£g) + • • • (4.2)

where N" c (seg) denotes events in which at least one particle escapes to another seg-

ment and Nexc(seg) events in which all escaping particles exit through the outer

side. Of the terms in equation 4.2 only the first contributes to the full energy peak

and the contribution of the remaining terms must be rejected from the spectrum.

These can be partly rejected by requiring an anti-coincidence between the different

segments, for which

Kej = Nfic(seg) + N^(scg) + • • • (4.3)

The probability for one particle to escape to another segment is, with the approxima-

tions made in the preceding paragraph, equal to 2/3 and for escape to the outside

equal to 1/3, giving

N(?f (seg) = 2/3 N(?f; Nftc(ie]b = 1/3 Nffi. (4.4)

For two particles escaping from a segment both can escape to another segment(s),

both to theouter side or one to another segment and one to the outer side, giving

= [(2/3)2 + 2x1/3x2/3] N(ff = 8/9 N(?f

N$f. (4.5)

The correction for events in which part of the y-ray shower escapes from a segment,

which in first order can be defined as

Ncorr ^ N,OM/ - 3/2 Nrej = N(0) - 1/3 N(ff - • • • (4.6)

completely rejects ail events in which only one particle escapes from a segment, but

overcompensates for the contribution of events in which two or more particles

escape. The relative number of events in which one, two or more particles escape

from a segment can be estimated from the ratio of events with fold two, three etc. in

the whole detector. From these measured ratios it is estimated that the correction of

equation 4.6 overcompensates for the contribution of events with escaping secon-

dary particles by at most 10%. This is acceptable in view of the approximations

made in the derivation of the procedure. The method does not apply to cosmic rays,

which must first be removed from the spectra.
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It should be noted that this correction is not the same as the procedure of

double subtraction sometimes used for Nal spectrometers with a plastic scintillator

shield. This double subtraction method is used to compensate for inefficiencies in

the rejection of the shield, for which the subtraction fraction is given by the require-

ment that the low energy tail of the peaks is reduced to zero. The procedure

presented above is a first order correction needed to compensate for the absence of

a shield, with a fraction given by geometrical arguments only.

Table 4.1. Measured resolutions and detection efficiencies of an average segment and the central

detector at E, = 22.6 MeV. The full width at half maximum (FWHM) and at tenth maximum

(FWTM) are given for the total spectrum, with the anti-coincidence condition and after the geometri-

cal correction for escape radiation. The intrinsic peak detection efficiencies (e) are obtained from the

corrected spectra.

detector

segment

cylinder

TOTAL

FWHM

11.6%

20.9%

FWTM

33.1%

64.1%

ACCEPTED

FWHM

8.1%

7.9%

FWTM

22.0%

19.7%

FWHM

5.8%

CORRECTED

FWTM e

14.2% (20+3) %

(5.4±0.9) %

The corrected spectrum of the uB(p, y) reaction is shown in fig. 4.6. It was

obtained by subtracting, for each segment separately, the spectrum rejected by the

central detector and 3/2 times the spectrum rejected by the other segments from the

total spectrum. Again a substantial improvement in line shape is obtained, com-

pared to the spectrum before the geometrical correction. The energy resolution is

improved to 5.8% at Ey = 22.6 MeV, but even more noteworthy is the decrease of

the full width at tenth maximum (FWTM) from 22.0% to 14.2%. The small remain-

ing tail is caused by escape from the front plane of the detector and inefficiencies in

the rejection of the segments and central detector (CFD thresholds were set at - 200

keV). The resulting energy resolution of the segments can be considered as the

intrinsic resolution determined by the non-uniformity of the Thallium dopant and

the reflection properties at the crystal surfaces. The efficiency for detection in the

full energy peak of a segment has been derived from the average beam current, the
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Fig. 4.7 Prompt Y-ray spectrum of the "B(p, y) reaction measured with the VU detector by summing the signals

from the different segments and central detector, after correction for non-linearities, on an event by event basis.

The solid line shows the result of a double peak fit to the spectrum with the line shape parametrization given by

equation 4.1.

target thickness and the known cross section of the reaction [Col82]. The resulting

peak detection efficiency, corrected for the solid angle, of a segment at IL = 22.6

MeV is equal to (20±3) %. The properties of the VU detector in the anti-coincidence

mode (A.C. mode) are summarized in table 4.1.

An alternative mode of operation of the VU detector is to use the different

segments and central detector as part of a single total detector. The advantage of this

mode is that events in which the energy is deposited in more than one segment are

not rejected but combined to the full energy by summing the signals of the different

elements on an event by event basis. Thus a much higher peak detection efficiency

can be expected. The signals of the different elements must be corrected for non-
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linearities in the energy calibration before summing, by mapping them on an

appropriate linear calibration with the procedure described in the next subsection. A

correction for events with escape radiation to the outside of the detector can be

made similar as for the A.C. mode by subtracting 1/3 of the spectrum rejected by the

anti-coincidence requirement. The resulting corrected spectrum of the n B(p, y)

reaction measured with the detector in the sum mode is shown in fig. 4.7. The

FWHM (FWTM) obtained from this spectrum is 7.1% (18.6%) at Ey = 22.6 MeV.

The intrinsic peak detection efficiency for this mode is equal to (51 ± 8) %, which is

2.5 times larger than obtained for the A.C. mode.

The attractive feature of the resonant radiative capture reaction in 12C at Ep =

14.24 MeV is that the energy of the produced y-rays (Eyo = 15.07 MeV) is in the

same energy range as the giant dipole resonance energy in medium heavy nuclei.

This enables a direct measurement of the detector response at the energy of interest.

As mentioned before the disadvantage of this reaction is the narrow width of the

resonance, which requires a precise setting for the beam energy. This is, however,

difficult with a cyclotron. The spectrum of the 12C(p, y) reaction measured with the

VU detector in the A.C. mode, corrected for escape radiation, is shown in fig. 4.8.

The result for the 15.1 MeV peak obtained from this spectrum is a FWHM of 9.2%

and a FWTM of 25.6%. The strong peak at 12.7 MeV arises from inelastic scatter-

ing of the protons off the 12C target nuclei. The competing 16O(p, y) reaction contri-

butes to the tail of the 15.1 MeV peak, negatively affecting the line shape for this

peak. The resulting widths obtained with the detector operated in the sum mode,

corrected for escape radiation, at Ey = 15.1 MeV are a FWHM of 11.1% and a

FWTM of 31.3%. The peak detection efficiency at Ey = 15.1 MeV is a factor of two

larger for the sum mode than for the A.C. mode. Absolute values could not be

obtained due to the difficulty of precisely setting the beam energy.

The parametrization of equation 4.1 can also be used to determine the line

shape of the VU detector. The result of a double peak fit, without background, to

the corrected n B(p, y) spectrum in the A.C. mode corrected for escape radiation is

shown in fig. 4.6. The two peaks were fitted with the same set of parameters C, D, G

and a by taking B = 1.0 and 0.896 for the y0 and Yt peak, respectively, whereas I and

A were allowed to vary for both peaks separately. The values of the shape
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Fig. 4.8 Prompt y-ray spectrum of the 12C(p, y) reaction measured with the VU detector in the A.C. mode with

the geometrical correction for escape radiation to the outside of the detector. The solid line shows the result of a

fit of the 15.1 MeV peak with the line shape parametrization given by equation 4.1, using the values for parame-

ters C, D, G and 0 as obtained from the fit to the "B(p, 7) spectrum, setting B = 0.817 and varying parameters A

and I.

parameters obtained from the fit are C = 0.373 (7) MeV~\ D = 0.987 (9) MeV 1 , G

= 1.12 (2) and a = 0.480 (2) MeV. The 15.1 MeV peak in the 12C(p, y) spectrum

was fitted with these same parameter values by setting B = 0.817 and varying A and

I. The result is shown in fig. 4.8. The values of the line shape parameters obtained

from a fit to the corrected nB(p,Y) spectrum in the sum mode are C = 0.309 (3)

MeV"1, D = 0.577 (5) MeV"1, G = 1.14 (1) and a = 0.522 (2) MeV. The result is

shown in fig. 4.7. Comparing these to the values obtained for the A.C. mode shows

an almost twice as small value for D, originating from the much slower falling off

exponential tail. The total width obtained by adding signals from two detectors is

given by a="^a1
2+a2

2 which explains the larger value for a in the sum mode.
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In summary, two modes of operation can be used for the VU detector, the

A.C. mode and the sum mode. The energy resolution obtained for the A.C. mode

(5.8% at Ey = 22.6 MeV) is slightly better than for the sum mode (7.1%). More

important is the much larger peak detection efficiency in the sum mode (51% com-

pared to 20%). For this reason the sum mode is the preferred mode of operation,

except when the best possible resolution is needed. In both cases a correction can be

applied for events in which part of the secondary shower particles escape from the

outside of the detector.

4.3.4 Energy calibration

Standard calibration sources and y-rays of 2.13, 4.44 and 5.02 MeV, pro-

duced by inelastic scattering of the protons off the n B and 12C target nuclei, were

used to obtain an energy calibration for all segments and the central detector. With

this linear calibration the positions of the 12.7, 15.1, 18.2 and 22.6 MeV peaks,

obtained from fits to the nB(p, y) and 12C(p, y) spectra in the A.C. mode corrected

for escape radiation, can be converted to the corresponding y-ray energies. These

data points and the calibration points are shown in fig. 4.9 as a function of y-ray

energy. It is evident from this figure that a linear function is inadequate to describe

the calibration up to the high energy points. The positions of the high energy points

are shifted relative to the linear calibration by some kind of saturation effect. The

relative magnitudes of the non-linearities are listed in table 4.2. The values are

different for all segments and the central detector.

The observed non-linearities at high y-ray energy can be caused by a number

of effects, relating to the production of the scintillation light in the Nal(Tl) crystal or

the read-out with the phototubes. The light production efficiency for a fixed energy

deposition is dependent on the concentration of Thallium dopant. Non-uniformities

of the Thallium doping will result in variations of this efficiency across the crystal,

which will be smaller for concentrations both below and above the optimum. Since

the high energy y-ray shower probes a large volume of the Nal(Tl) crystal it is sensi-

tive to these non-uniformities across the crystal. A variation of 3% has been meas-

ured by van Ruyven in the pulse height obtained with a collimated 137Cs source

moved along the inner side of a segment [Ruy82], The 662 keV y-rays produced by

this source only probe an average distance of 3.5 cm into the Nal not excluding that
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Fig. 4.9 Data points for the non-linearity in the energy calibration obtained from the "B (black dots) and 1JC

(open dots) experiments. The data points give the energy as obtained from the linear calibration on the low en-

ergy points (Eij^^.) as a function of y-ray energy. The results of segment 5 are given for the "B and IZC experi-

ments separately. The curved lines show the results of fits to the data points with the non-linearity parametriza-

tion given by equation 4.10.

the actual position homogeneity can even be worse deeper in the crystal. These

non-uniformities would give rise to an apparent energy shift similar to that observed

for the VU detector. The possible existence of cracks in the Nal crystal caused by

temperature variations or transportation can add to this effect. Since the concentra-

tion of Thallium doping will not change in the course of time the resulting
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magnitude of the non-linearity will also be constant. Another possible explanation

for the observed non-linearities are saturation effects in the photo-multipliers,

caused by the large number of primary photo-electrons. Since the same photo-

multipliers were always used for a particular segment at the same High Voltage this

would also lead to a constant magnitude of the non-linearity.

Table 4.2 Magnitude of the non-linearity in the energy calibration for the different segments and cen-

tral detector. Listed are the relative differences between the actual y-ray energy and the energy

obtained using the linear calibration on the low energy points (A = (B, - Eĵ .d.) / Ey).

detector

segment 1

segment 2

segment 3

segment 4

segment 5

segment 6

cylinder

1.9

4.0

-

1.9

7.7

2.9

1.8

A,5.l(%)

2.0

4.3

-

2.0

8.8

2.7

4.1

3.9

4.3

4.2

2.6

19.1

5.8

5.3

A2Z6(%)

4.3

5.0

4.4

2.8

23.0

7.4

6.4

The energy calibration of the segments and central detector can be well

described with the quadratic function

After transformation of the spectrum according to

a 2 B V v
x =

the energy calibration is correctly given by the linear function

E = H-x' + v.

(4.7)

(4.8)

(4.9)

Such a transformation was used to map the segment spectra on an appropriate linear

calibration (fig. 4.5 - 4.8).

The transformation of equation 4.8 works very well to compensate for non-

linearities in the energy calibration. It can, however, only be used if high energy
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data points are available in order to determine the quadratic calibration of equation

4.7. The problem with the featureless y-ray spectra of the giant dipole resonance is

that they do not provide clear calibration points. For this purpose a parametrization

of the non-linearity is required, which can be used to obtain the quadratic calibration

from a linear calibration on the low energy points. Since the magnitudes of the non-

linearities are expected to be constant for a particular segment such a parametriza-

tion will uniquely define the non-linearity. A possible parametrization is given by

E ( 2 ) = COE(
2
1) + KE ( 1 ) + C (4.10)

where E(2) is the energy obtained with a quadratic calibration and E^ with a linear

calibration on the low energy points. Determination of the parameters co, K and £

Table 43 Values of the parameters co, K and C characterizing the non-linearity in the energy calibra-

tion, obtained by fitting the low and high energy data points of the UB and 12C experiments with the

parametrization given by equation 4.10. The values for segment 5 are given for the UB (a) and 12C

(b) experiment separately.

detector

segment 1

segment 2

segment 3

segment 4

segment 5(1>

segment 5^

segment 6

cylinder

CO

2.75(3)xlO~3

3.13(3)xl0~3

2.69(3)xl0~3

1.77(3)xl(r3

2.56(6)xlfr2

{.20(i)xirr2

4.75(3)xl0~3

3.58(1 l)xlO"3

K

0.9852 (5)

0.9863 (5)

0.9879 (5)

0.9903 (5)

0.8432 (10)

0.9348 (13)

0.9779 (5)

0.9886 (8)

C

1.28(7)xlO"2

1.17(7)xlO-2

9.75(8)xlO"3

9.48(7)xlO""3

1.85(2)xir'

-6.9(2)xir2

1.58(7)xlO"2

6.2(8)xlO"3

enables the construction of the quadratic calibration (equation 4.7) for any experi-

ment in which only the low energy calibration is known. The same transformation

as given by equation 4.8 can then be used to correct for the non-linearity by map-

ping on an appropriate correct linear calibration. The result of fits to the data points

with this parametrization is shown in fig. 4.9. The parameter values are listed in

table 4.3. It is seen from this figure that, although the U B and 12C experiments
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were performed separately, the data points are for both experiments well described

by the fit, indicating that the parameters co, K and £ indeed uniquely define the non-

linearity for a particular segment. The only exception is segment 5 for which an

extremely large non-linearity was found in the n B experiment and a much smaller

value in the 12C experiment. For this reason the parameters were obtained for this

segment from the two experiments separately. The large non-linearity of this seg-

ment in the n B experiment was most probably due to a bad amplifier, which was

replaced before the 12C experiment and the later measurements described in

chapter V.

4.4 Monte Carlo calculations

4.4.1 The EGS code system

A high energy photon passing through a material will mainly interact by pro-

duction of an electron-positron pair. The electron and positron lose their energy by

collisions, radiation and annihilation producing secondary photons and electrons

which in turn may interact with the medium. The net result is a multiplicative pro-

cess known as an electromagnetic cascade shower, propagating along the line of

direction of the primary photon. The problem of calculating the development of

these showers is very well handled with the Monte Carlo technique considering the

intrinsic random nature of the cascade shower. A code frequently used in the high

energy physics community is the EGS code system (Electron Gamma Shower),

developed by Ford and Nelson at Stanford [For78]. It is a general, modularized and

versatile package allowing the calculation of the development of the electromag-

netic shower in various media and arbitrary geometries.

The simulation of the propagation of the cascade shower is decomposed into

a simulation of the transport and interactions of a single particle, along with the

necessary bookkeeping. A last-in-first-out stack is used to store the properties of the

particles that have yet to be simulated, initially containing only the primary particle.

The top particle of the stack is transported between interactions, until either its

energy falls below a predetermined cutoff energy or until a particular region of

space is entered. In the latter two cases the particle is removed from the stack and

the simulation continued with the new top particle. The secondary particles pro-

duced by an interaction are stored on the stack and the simulation continued with the
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transportation of the top particle. This procedure is repeated until the simulation of

the whole shower is complete, called a history.

The processes considered in EGS for photon interactions are Compton

scattering, the photoelectric effect and pair production. The photons travel between

interactions with constant energy in a straight line from one interaction point to the

next. A different situation arises for the transport of an electron or positron. The

interactions considered for these particles are elastic scattering off the nucleus, ine-

lastic scattering off the atomic electrons (Miller scattering for electrons and Bhabha

scattering for positrons) and bremsstrahlung production. For positrons the annihila-

tion at rest or in flight is considered too. The difficulties in the description of

charged particle transport arise from the fact that the cross sections for scattering

and bremsstrahlung production become very large at low kinetic energies. There-

fore it is difficult, in practice, to simulate every interaction separately. On the other

hand the energy transfer will, for most of these interactions, be very small. For this

reason the charged particle interactions are separated into discrete and continuous

interactions. The distinction between the two types of interactions is controlled by

the variables AE and AP, respectively. Any electron or positron interaction that pro-

duces a delta-electron with energy (kinetic + rest mass) of at least AE, or a photon

with energy of at least AP, is considered to be a discrete interaction. Otherwise the

interaction is considered as continuous, leading to continuous energy losses and

direction changes in the transport between discrete interaction points. The continu-

ous energy losses result from the emission of soft bremsstrahlung photons and ioni-

zation losses to the atomic electrons. The particle's direction is changed by multiple

Coulomb scattering. As a consequence the path between discrete interactions will no

longer be a straight line. To account for this effect the transport is divided into

smaller steps, along each of which the particle is transported along a straight line.

Multiple scattering is included by changing the particle's direction at the end of

each step, according to the appropriate distributions. A correction is then applied for

the difference in path length between the sum of the straight lines and the actual

curved path. More details on the sampling techniques and the formulae used for the

description of the physical processes can be found in the extensive paper by Ford

and Nelson [For78]. It is noted that the scintillation light production and transporta-

tion are not treated in the program; all energy deposited in active material is by

definition also detected.
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USER
CONTROL
DATA

MAIN

HATCH SHOWER

Fig. 4.10 General implementation of ihe EGS + USER code. The USER code consists of a main program part

with calls 10 the EGS subroutines HATCH and SHOWER and the subroutines HOWFAR and AUSGAB. The

HOWFAR routine defines the geometry for the simulation and routine AUSGAB controls the output scoring for

a history. The relevant cross section data for the media used in the simulation are prepared by the preprocessor

PEGS and stored on file.

The EGS code system was developed for application in the field of high

energy physics. Within the domain of 0.1 up to 1 GeV a number of comparisons

with experimental data were made, all giving good agreement with the simulations

[For78]. Based on the theoretical descriptions of the processes used in the code the

authors claim a range of validity for the EGS code system of 1 keV - 100 GeV for

photons and 1.5 MeV - 100 GeV total energy for electrons (positrons).

The question arises if the EGS code can also be used at low electron (posi-

tron) energies. The applicability of the code in the energy range of 50 keV to 20

MeV has been investigated by Rogers [Rog84]. The calculated electron detector

response functions, electron reflection coefficients and spectra and electron

transmission coefficients and spectra were in reasonable agreement with the experi-

mental data, even at low energies. Worst case examples are the transmission of low

energy electrons through thin slabs of material. These were only accurately
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calculated if the variable AE, distinguishing between discrete and continuous

interactions, was set at a low value and if the electron transport step sizes were lim-

ited to values giving only a few percent energy loss (due to continuous interactions)

per step. Both, however, substantially increase the computing time needed for a cal-

culation. In the other cases considered they affected the quantit} being calculated

only in a minor way.

Another check of the reliability of the EGS code at low energy was per-

formed by Michel [Mic86]. Full energy peak detection efficiencies and the ratios

between the full energy, single and double escape peak efficiencies were calculated

for a 38 cm3 Ge(Li) detector in the photon energy range 100 keV up to 10 MeV. The

calculations were found to reproduce very well the available experimental data. In

view of these results it is expected that the code can be used very well for our pur-

pose of analyzing and calculating the detector response functions. This was, how-

ever, not further tested apart from the comparisons with the experimental responses

given in the next subsections.

The general implementation of the EGS + USER code is shown in fig. 4.10.

With the preprocessor PEGS the relevant cross section data are calculated for the

media used in the simulation (elements, mixtures or compounds) and stored on file.

These data are restored with the EGS subroutine HATCH. The USER main program

consists of the subroutines HOWFAR and AUSGAB, called from EGS, and respec-

tive calls to the EGS subroutine SHOWER to start the simulation of a history. Rou-

tine HOWFAR is used to define the geometry for the simulation and called from

EGS to check if a particular step to the next interaction point will result in the cross-

ing of a region boundary. A number of standard routines are available to define

respectively cartesian, cylindrical or spherical-conical geometries [Ste80a,b and

Ste81]. Routine AUSGAB is called at the end of each transport step and interaction

to update the energy depositions etc. The EGS and USER programs are written in

the extended FORTRAN language called MORTRAN [Coo75]. It provides for

structured statements (analogous to the later developed ANSII77 FORTRAN stan-

dard) and a Macro processor. The calculations were done using the CDC Cyber

computers of the Stichting Academisch Rekencentrum (SARA) in Amsterdam.
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4.4.2 Results of simulations for the KVI Y-ray spectrometer

The Monte Carlo calculations were performed in order to determine the

response function of the KVI y-ray spectrometer as a function of incident y-ray

energy. The detector geometry was taken as shown in fig. 4.1. The aluminium

detector housings were not included in the calculations. This reduces the computing

time needed for the calculations without affecting the results significantly since elec-

trons (positrons) will generally be stopped in the Nal(Tl) crystal and the photons

escaping from the crystal have only a small cross section for interaction in these

housings. The calculations were done with the EGS parameter AE set at 1.511 MeV

and AP at 1 keV.

The finite detector resolution was taken into account in the calculations by

folding, on an event by event basis, the energy deposited in the Nal(Tl) crystal with

a gaussian distribution. The energy resolution was determined at low y-ray energies

from fits to the experimental peak shapes. They were obtained from the relation

(4.11)

at high y-ray energies. The parameters A and B were deduced from fitting the

observed resolutions at low energies with this relation. An additional contribution

to the resolution at high y-ray energies arises from variations in the production of

scintillation light across the crystal. For this reason the resolution folding was also

done with values increased by 20% and 40% relative to equation 4.11. A 50 keV

threshold was used in the calculations to derive a veto from the plastic scintillator

shield.

The results of a calculation for y-rays of 22.6 MeV are in fig. 4.11 compared

to the experimental data obtained by Hofmann et al. [Hof85]. The calculation was

done for the experimental set-up in which the inner part of the collimator was

removed. Compared are the calculated and experimental spectra of y-rays detected

in the NaI(Tl) detector and the spectra of y-rays taken in coincidence (rejected) and

anti-coincidence (accepted) with events in the plastic shield. The spectra were nor-

malized to the peak contents in the total spectra in order to separate the comparison

of line shapes from the comparison of detection efficiencies. This same factor vvas

then used to normalize the rejected and accepted spectra. The best agreement was

obtained for the calculated spectra folded with a resolution of 1.9%, which is 20%

larger than the value obtained from equation 4.11. It is seen from the figure that the
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500 -

24

Fig. 4.11 Comparison between the calculated response of the KVI spectrometer to 22.6 MeV y rays (solid lines)

and the experimental data (data points). The calculated spectra were folded with a resolution of 1.9%. Com-

pared are the total spectra (a) and the spectra rejected (b) and accepted (c) by a veto from the plastic shield. The

calculated and experimental spectra were in all three cases normalized to the peak contents in the total spectrum.
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line shape in the total spectrum is well reproduced by the calculations. The com-

parison of the rejected spectra shows that the suppression of the single escape peak

is overestimated by 25% in the calculation. This discrepancy can be caused by a

higher threshold for the plastic shield in the experiment or inefficiencies in the light

collection of the plastic scintillator. The exact value for the threshold of the plastic

scintillator was not determined in the experiment but could have been set at a value

corresponding to an energy larger than 50 keV in order to eliminate electronic noise.

The 511 keV photons only produce a low intensity scintillation, predominantly

located in the part of the annular shield opposite to the photomultipliers. A loss of

detection efficiency for these photons is therefore not unconceivable. This effect

was, however, not verified experimentally. The overestimation of the rejection in

the single escape peak leads to a lower intensity in this peak for the accepted spec*

trum. As can be seen from the figure this affects the line shape for this spectrum

only in a minor way and the agreement with the experimental data is still quite

good. The calculated and experimental peak detection efficiencies are compared in

table 4.4. The calculated efficiencies are on average slightly higher than obtained

from experiment. Such a small overestimation was also obtained for the VU detec-

tor (c.f. section 4.4.3).

Table 4.4 Comparison of the intrinsic peak detection efficiencies (for the total spectrum and in anti-

coincidence with the plastic shield) obtained from experiment (e"p) and the EGS calculations (e™1).

E^MeV)

22.6

6.13

mode

total

accepted

total

accepted

eexp

(39+10) %

(18±5) %

(62+10) %

(31±10)%

58%

23%

55%

38%

Monte Carlo calculations were also performed to investigate the effect of

collimation on the response of the spectrometer. Three configurations were con-

sidered for this purpose : (I) the set-up with the conical collimator shown in fig. 4.1,

(II) the set-up with the collimator used for the experiments described in chapter VI
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Fig. 4.12 The effect of collimation on the spectrometer line shape illustrated by a comparison of calculated spec-

tra in anti-coincidence with the plastic shield for the set-up with (I) a small angle conical collimator, (II) an in-

termediate angle collimator and (III) without collimation. The calculated spectra were folded with a resolution

of 1.9% and normalized to the contents in the full energy peak. The insert schematically shows the solid angles

subtended by the different collimators.

and (III) the set-up with the inner part of the conical collimator removed (i.e.

corresponding to no collimation). At a source - Nal(Tl) detector distance of 60 cm

(used in the calculations) collimator I gives an opening angle of 5.8° and collimator

II an opening angle of 8.9°. The cone formed by the source and the latter collimator

intersects at this distance with the full crystal diameter roughly halfway in the cry-

stal. The accepted spectra obtained from the calculations with the different collima-

tors are compared in fig. 4.12. They were normalized on the contents in the full

energy peak. This comparison shows that the line shapes obtained with the different

collimators are almost identical. Differences are seen in the contribution to the sin-

gle escape peak which is smallest for collimator I as the y-ray shower is only ini-

tiated in the center of the crystal with this collimator. The intrinsic peak detection

efficiency is for the same reason highest for this collimator, i.e. 44%, compared to

38% for collimator II and 23% for the configuration without collimation. The

important physical quantity, however, is the product of intrinsic detection efficiency
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Table 4.5 Results of fits to the calculated line shapes for the KVI spectrometer to Y-rays with energies

ranging from 6 - 22.6 MeV. The parametrization used for the fits is an extension of equation 4.1 con-

sisting of two gaussian components, corresponding to the full energy and single escape peaks at a

fixed distance of 511 keV, and a tail. Parameter B was set equal to unity for the fit of the 22.6 MeV

spectrum and scaled for the fits to the other spectra. The calculations were done for 100.000 photons

incident on the central NaI(Tl) crystal.

E^MeV)

6

8

10

12

14

16

18

20

22.6

AFEP

4.15X104

3.92x10"

3.66X104

3.40x10*

3.15X104

2.92x104

2.74X104

2.45X104

2.19X104

ASEP

3.55xl03

3.92X103

4.05xl03

3.85xl03

3.93X103

3.81X1O3

3.63xl03

3.29xl03

2.61xlO3

C (MeV1)

0.143

0.185

0.227

0.277

0.270

0.315

0.297

0.406

0.525

D (MeV"1)

0.670

0.740

0.790

0.810

0.705

0.730

0.640

0.750

0.830

G

0.29

0.52

0.63

0.66

0.69

0.79

0.82

0.87

0.87

a (MeV)

0.176

0.176

0.179

0.178

0.179

0.180

0.183

0.182

0.183

and solid angle, which is respectively equal to 6.7x10 3, 3.0x10 2 and 3.1x10 2.

This shows that the efficiency is almost a factor of five lower with collimator I than

with collimator n. It is also evident that the solid angle gained relative to collimator

II by not collimating the y-rays does not lead to a higher efficiency, since the y-rays

incident in this part of the crystal have a negligible contribution to the full energy

peak. Not using a collimator has the further disadvantage of false veto signals due to

direct radiation into the annular shield. This effect is of course not seen in the calcu-

lations as only cascades of one y-ray have been considered. Summarizing this com-

parison it is seen that (1) the differences in the line shapes obtained with the

different collimators are relatively minor and (2) the intermediate angle collimator is

preferred because of the large efficiency.

The energy dependent response functions of the KVI spectrometer were

determined by a number of calculations at y-ray energies 6, 8, 10, ... 20 and 22.6

MeV. The calculations were performed for the set-up with collimator II at a source
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Fig. 4.13 Calculated line shapes for the KVI spectrometer in anti-coincidence with the plaslic shield at y-ray en-

ergies 6, 8, 10, 12, 14, 16, 18, 20 and 22.6 MeV. The calculations were done for the set-up with the collimator

used in the experiments described in chapter VI. The spectra were fitted wilh the parametrization given by

equation 4.1 to which a second gaussian component was added at a fixed distance of 511 keV. The results of

these fits are shown by the solid lines in the figure.

Nal(Tl) detector distance of 60 cm. A gaussian distribution was used for the resolu-

tion folding with a width increased by 20% relative to the values obtained from

equation 4.11. The calculated spectra in anti-coincidence with the plastic shield are

shown in fig. 4.13. These spectra were fitted with the line shape parametrization

given by equation 4.1, modified to include two gaussian components, in order to

quantize the results. The two components correspond to the full energy and single

escape peaks which were fitted with the same width and at a fixed separation of 511

keV. Parameter B was set equal to one for the fit of the 22.6 MeV spectrum and

scaled in the usual way for the fits to the other spectra. The results of these fits are

shown in the figure. The resulting fit parameters are listed in table 4.5. These

paramctrizations completely characterize the response of the KVI spectrometer.
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4.4.3 Results of simulations for the VU detector

The Monte Carlo calculations were performed for the detector set-up shown

in fig. 4.3, with a source-detector distance of 60 cm. The division of the detector

into six segments and a central detector makes a proper definition of the geometry

for these calculations a difficult task. This definition did not allow, in practice, the

inclusion of the aluminium detector housings between the different segments. The

housing surrounding the central detector, on the other hand, could be included in the

simulation.

The energies deposited in the different segments and central detector were

folded with gaussian functions, on an event by event basis, in order to include the

detector resolution. The resolutions obtained from fits to the peak shapes at low y-

ray energy were used to determine the parameters A and B of equation 4.11 for each

detector element separately. The folding was furthermore done with resolutions

increased by 20% - 160% in steps of 20% relative to these values. The EGS parame-

ter AE was set to 1.511 MeV and AP to 1 keV.

The calculations for the VU detector resulted in a much higher rejection

efficiency than was experimentally observed for the anti-coincidence (A.C.) mode

and a shift of the detector fold distribution to slightly higher fold values. Conse-

quently the detector line shape for a segment was not reproduced. Only for the total

spectrum a good agreement was found with the experimental data. These effects

indicate either an overestimation, in the calculations, of the detection efficiency for

the low energy y-radiation scattered between different segments or a higher level of

the electronic cut-off experimentally. Possible causes are the omission of the detec-

tor housings separating the different segments or inefficiencies in the collection of

scintillation light produced by this low energy y-radiation. Since neither of these

could be included exactly the resulting effects were introduced phenomenologically

by imposing an energy dependent loss of detection efficiency on the calculations.

The energy dependence was assumed to be linear and the magnitude (35% at

Ey = 0.5 MeV decreasing to zero at Ey = 6.5 MeV) was chosen in order to reproduce

the accepted spectrum in the A.C. mode. The results of the calculation for y-rays of

22.6 MeV are compared in fig. 4.14 to the experimental data. For this purpose the

calculation was normalized to the data with the factor obtained from the peak con-

tents in the total spectrum. The best agreement was found for a resolution folding
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Fig. 4.14 Comparison between the calculated line shapes of the VU detector (solid lines) and the experimental

data (dashed line and data points) for y-rays of 22.6 MeV. Shown are (a) the fold distribution of the detector, (b)

the total spectrum (sum of individual segment spectra), (c) the spectra rejected and (d) accepted by an anti-

coincidence requirement between the different elements of the detector, (e) with the geometrical correction for

escape radiation and (f) in the sum mode corrected for escape radiation. The same normalization factor was used

for these spectra obtained from the peak contents in the total spectrum. The calculated spectra were folded with

a resolution increased by 80% relative to the extrapolated value.
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Table 4.6 Results of fits to the calculated line shapes for the VU detector in the A.C. mode corrected

for escape radiation to y-rays with energies ranging from 6-22 MeV. Parameter B was set equal to

unity for the fit of the 22 MeV spectrum and scaled for the fits to t'ue other spectra. The calculations

were done for 100.000 photons incident on the detector.

Ey (MeV)

6

8

10

12

14

16

18

20

22

A

4.43x10"

4.21x10"

3.27x10"

2.89x10"

2.70x10"

2.47x10"

2.25x10"

2.01x10"

1.85x10"

C (MeV-1)

0.315

0.379

1.040

1.160

1.000

0.755

0.550

0.675

0.455

D (MeV"1)

0.700

0.735

1.170

1.180

1.110

0.970

0.775

0.840

0.615

G

0.90

1.03

0.99

0.98

1.00

0.92

0.83

0.87

0.85

o(MeV)

0.411

0.424

0.452

0.449

0.460

0.470

0.478

0.475

0.489

with a value increased by 80%. This increment is much larger than needed for the

KVI spectrometer reflecting the poorer crystal uniformity of the VU detector. The

calculated detector fold distribution and the calculated spectra for the anti-

coincidence mode (total, rejected, accepted and corrected for escape radiation) and

the sum mode (corrected for escape radiation) are in this figure compared to the

experimental results. The fact that the calculations now simultaneously reproduce

all of these different spectra gives confidence in the validity of the introduced detec-

tion inefficiencies. Small deviations still exist for the spectrum rejected by the anti-

coincidence requirement, indicating a different threshold setting in experiment and

calculation. The peak detection efficiency obtained from the calculations is 28% for

the corrected spectrum in the A.C. mode, compared to (20 ± 3) % experimentally,

and 65% for the corrected spectrum in the sum mode, compared to (51 ± 8) %

experimentally. As was also seen for the KVI spectrometer these are slightly higher

than the efficiencies obtained experimentally.

The energy dependent response functions of the VU detector were deter-

mined by a number of calculations for y-ray energies 6 MeV to 22 MeV in steps of
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Table 4.7 Results of fits to the calculated line shapes for the VU detector in the sum mode corrected

for escape radiation to y-rays with energies ranging from 6 - 22 MeV. Parameter B was set equal to

unity for the fit of the 22 MeV spectrum and scaled for the fits to the other spectra. The calculations

were done for 100.000 photons incident on the detector.

Ey (MeV)

6

8

10

12

14

16

18

20

22

A

5.67x10*

6.05x10"

5.66x10"

5.33x10"

5.16x10"

4.95x10"

4.61x10"

4.39X104

4.19x10"

C (MeV-1)

0.476

0.329

0.333

0.377

0.377

0.388

0.473

0.525

0.640

D (MeV"1)

0.925

0.675

0.665

0.650

0.615

0.600

0.625

0.655

0.710

G

1.01

0.95

0.84

0.83

0.86

0.88

0.91

0.92

1.02

a (MeV)

0.406

0.419

0.490

0.485

0.490

0.491

0.483

0.481

0.485

2 MeV. The resulting spectra for the sum mode are shown in fig. 4.15. The results

of fits to these spectra with the line shape parametrization of equation 4.1 is shown

by the solid lines in the figure. The resulting fit parameters for the corrected spectra

in the A.C. mode are listed in table 4.6 and for the corrected spectra in the sum

mode in table 4.7. These parametrizations can be used to reproduce the detector

response function at the y-ray energies of interest. The energy dependence of the

peak detection efficiencies is also correctly reproduced by the calculations but the

absolute values must be scaled to the experimental data at 22 MeV.
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Fig. 4.15 Calculated line shapes for the VU detector in the sum mode corrected for escape radiation at Y-ray en-

ergies 6, 8, ..., 22 MeV. The spectra were fitted with the parsmetrization given by equation 4.1. The results of

these fits are shown by the solid lines in the figure.
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CHAPTER V

Exclusive measurement of the statistical y-decay of the GDR

built on highly excited states in 114Sn

5.1 Introduction

The role of the isovector giant dipole resonance (GDR) in the statistical y-ray

decay of a compound nucleus, formed in a heavy ion induced fusion reaction, has

been established since the first observation made by Newton et al. [New81]. A com-

mon feature of all measurements done until now is that the giant resonance parame-

ters have been deduced from inclusive y-ray spectra, in the sense that these spectra

are composed out of y-rays from all nuclei populated in the different steps of the

evaporation process [Sno86]. This has several consequences. In the first place the

GDR is seen as a bump superimposed on an exponentially decreasing spectrum of

y-rays produced in residual nuclei following particle emission. Furthermore, the

GDR decay may occur at each step of the decay cascade to states spread over a wide

range of excitation energy and angular momentum.

Some selectivity on excitation energy of the levels on which the GDR is

built can be obtained by comparing the y-decay of a compound nucleus produced by

different reactions [Gaa84a], whereas angular momentum selection can be made

using the y-ray multiplicity and total y-ray energy [Sno86]. Only in a very few spe-

cial cases can one exclusively investigate the y-decay of the GDR built on excited

states. Such a possibility is offered by selecting the y-decay of the compound

nucleus produced by, for example, the (a, y) reaction at a projectile energy E a

chosen such that after emission of a high energy y-ray the nucleus is left in a state

with excitation energy below the neutron separation energy. Further decay thus

proceeds via levels in the compound nucleus. If one of these levels is a long lived

isomer this decay can be selected against the decay to the other final nuclei by using

the trigger of the delayed transitions following this isomer. This selection will

furthermore eliminate most of the statistical y-rays, contributing to the exponential
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Fig. 5.1 Partial level schemes of the 112~IUSn isotopes, obtained from Bron et al. [Bro79] and Hashimoto et al.

[Has79].

background in the y-ray spectrum, as these are predominantly emitted from the resi-

dual nuclei populated after neutron emission.

One of the best candidates available for this type of experiment is 114Sn. The

partial level schemes of this nucleus and also of 112>113Sn are shown in fig. 5.1. The

weak u 0Cd(a, y)114Sn reaction channel was studied explicitly by measuring prompt

high energy y-rays in coincidence with delayed y-rays depopulating the J™ = 7" iso-

mer (T1/2 = 733 ns) in 114Sn. The U4Sn compound nuclei were produced in two

separate experiments at initial excitation energies 26 and 28 MeV by using projec-

tile energies E a = 24 and 26 MeV, respectively. In this way the decay of the GDR

built on states with energy in the range 5<E*< 15 MeV and angular momentum

J 5 7 h~ could be selected. The states populated by the high energy y-decay in the

reaction with 26 MeV a-particles are slightly shifted in excitation energy and angu-

lar momentum compared to those populated in the reaction at 24 MeV. The com-

parison between the y-ray spectra obtained in the two cases thus yields information

on the difference in nuclear level densities for the two regions.

The weak (a, y) reaction channel (estimated cross section ~ 50 jib) must be

separated from the contributions of the dominating n 0Cd(a, 2ny)ll2Sn ( o ~ 1200

mb) and 110Cd(a, ny)n3Sn (a - 20 mb) reaction channels by using the difference in
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lifetimes of the isomers in the respective final nuclei. This poses strict demands on

the experimental conditions. One of the difficulties resulting from the low cross sec-

tion is the effect of i n C d and 112Cd target impurities. They give rise to contribu-

tions in the y-ray spectrum from the n i Cd(a , ny)n4Sn and m C d ( a , 2ny)114Sn reac-

tions, which can not be eliminated by the isomer technique. Due to the much larger

cross sections for these reactions they can give significant contributions to the spec-

trum despite their low abundances in the target. These contributions were deter-

mined in additional runs on a n i C d and a 112Cd target, respectively.

The experimental set-up is described in section 5.2. The results of the experi-

ments using 24 and 26 MeV a-particles on a n o Cd target and the corrections for the

target impurities are given in section 5.3. The interpretation of the data in terms of

statistical model calculations is presented in section 5.4. The conclusions are sum-

marized in section 5.5. Parts of the results presented in this chapter were published

previously [Sto88].

5.2 Experimental procedure

The experiments were performed with 24 and 26 MeV a-particles from the

AVF cyclotron of the Vrije Universiteit in Amsterdam. The time interval between

two subsequent bursts was increased from 104 ns to 1.46 \is by suppression of every

14 out of 15 original bursts. This was achieved with the method described in

chapter III using two deflection plates mounted on the ion source in the center of the

cyclotron in combination with single turn extraction. Fine tuning of the cyclotron

was regularly needed to compensate for small long term drifts of the beam bursts.

This has introduced an uncertainty of 0.2 MeV in the absolute value for the beam

energy. Typical final beam currents obtained in the experiments were - 2 nA (electr-

ical).

The a-particle beams were used to bombard a 5.2 mg/cm2 110Cd target

enriched to 96%, placed at an angle of 55° with respect to the beam axis. This target

contained a 1.6% i n Cd impurity and a 1.1% 112Cd impurity. The contributions from

these impurities were subsequently determined in two additional runs using a

4 mg/cm2 i n Cd target, enriched to 95%, and a 5.2 mg/cm2 n2Cd target, enriched to

96%. The experiments on the "'Cd and the l l2Cd target were also performed at

both beam energies.
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Fig. 5.2 Experimental set-up used for the measurements (photographed by H. Rijneveld).

The experimental set-up is shown in fig. 5.2. The prompt high energy y-rays

were detected with the "VU detector" described in chapter IV. This is a large (<[> 40

cm, length 40 cm) Nal(Tl) detector consisting out of six segments and a small diam-

eter (<J» 8 cm) central detector. The signals of the individual segments and central

detector were added in the off-line analysis (the "sum mode") and a correction pro-

cedure was applied for secondary products escaping to the outside of the detector.

This detector was placed at a distance of 60 cm from the target at an angle of 90°

with respect to the beam axis. A clear neutron-y separation is obtained with the

time-of-flight technique as can be seen from the time spectrum shown in fig. 5.3.

Standard calibration sources and the 4.4 MeV y-rays produced by inelastic scattering

of a-particles off a 12C diaphragm (after deflecting the beam) were used to deter-

mine the low energy calibration. By combining the low energy calibration and the

energy calibrations deduced from the (p, y) experiments (c.f. section 4.3.4) including

corrections for non-linearity, a calibration for each segment in the region of interest

was obtained. The gain stabilities were monitored by checking the positions of the
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6.13 MeV peak produced by inelastic scattering off I6O and the positron annihila-

tion peak at 0.511 MeV.

2.4*10

t
20

Fig. 5.3 Time spectrum of frays detected with the VU detector versus the cyclotron RF illustrating the separa-

tion of neutrons and Y-rays by the difference in time-of-Hight.

Delayed y-rays were detected with thr*e Nal(Tl) detectors (two <}> 28 cm,

length 28 cm detectors and one $ 13 cm, length 13 cm detector) placed as close to

the target as possible (- 10 cm). The delayed y-rays were accepted within a time

interval of 0.2 - 1.4 ^s after a beam burst and in a similar interval preceding the

beam burst to correct for random coincidences. These detectors were shielded from

each other with 2 cm thick lead plates. In this way the cross-talk between these

detectors at the relevant y-ray energies was limited to less than 1%, as was measured

with a 137Cs source (E^ = 0.662 MeV). The energy dependent detection efficiencies

were determined with a number of standard calibration sources. These detection

efficiencies, combined with the probabilities for delayed y-rays in the accepted time

window, can be used to obtain the total efficiencies to detect at least one of the

delayed transitions following the isomer in I13Sn or I14Sn. They were about 25% for

the cascade in 114Sn and 2% for n 3Sn. The latter efficiency is much lower due to the
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shorter bfetime of the isomer and is furthermore reduced since only one delayed

transition is emitted compared to four transitions in 114Sn. The total efficiency was

for 114Sn alternatively determined by using the n 2Cd(a, 2nY)n4Sn reaction. The

absolute yield of the 0.103 MeV transition, feeding the isomer in n 4Sn, was deter-

mined with a Ge detector in single mode and in delayed coincidence with the three

Nal detectors. The beam current was for this measurement reduced in order to

obtain the same count rates in the Nal detectors. The ratio between these two abso-

lute yields gives the total efficiency, which was consistent with the value obtained

from the other method.

The absolute normalization for the experiments was obtained from the yields

of the lowest transitions in u 2 Sn using the y-ray spectra taken with the Ge detector.

Several calibration sources (22Na, ^Co, 133Ba, 137Cs and 152Eu) were used to deter-

mine the efficiency curve for this detector. The estimated error in the cross sections

due to uncertainties in the efficiency of the detectors and the n 0Cd(a, 2n)112Sn cross

section is 20%.

ADC # i

STOP TDC # /

EVENT
START TDC *>

ANOM DELAY lAND) =1OR

Fig. 5.4 Simplified block diagram of the electronic! uied in the experiment. Pulie widths and coincidence rela-

tions are ichemiticilly indicated.
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The beam particles were stopped in a carbon beam dump which was shielded

from all detectors by blocks of lead and paraffine. Since the beam will be blown up

considerably by the targets it may hit the beam pipe down-stream of the target. This

part was therefore also surrounded by lead and paraffine shielding.

A simplified block diagram of the electronics used in the experiments is

shown i n ^ . 5.4. The simplification is that only one of the seven elements of the

VU detector and one of the three Nal detectors is given. The high level threshold for

the VU detector was set at about 6 MeV. The energy detected in the different ele-

ments of the VU detector and the time of detection of these elements and the three

Nal detectors relative to the cyclotron burst were read out with a PDP 11/34 com-

puter and stored on magnetic tape. The computer dead time was monitored with

sealers (- 20%). The Ge spectrum was measured separately on a multi-channel

analyzer gated by a prompt time window of 50 ns around the beam burst and the

"not busy" signal of the PDP computer. In this way the computer dead time was

directly coupled to this separate measurement. The single Ge spectra were stored on

disk of a VAX 11/750 computer after every full tape.

Typical count rates in a segment of the VU detector were 5 kHz at constant

fraction discriminator level and 100 Hz above the high level. Single count rates in

the large (small) Nal detectors were around 60 kHz (30 kHz) of which 20 kHz (10

kHz) remained for the accepted time window. The accepted event rate was about 50

events per second.

5.3 Experimental results

The time spectrum of delayed y-rays contains in addition to events from the

J" = 7" isomer in 114Sn also contributions from isomers with shorter half-lives in
n 3 Sn (J* = 11/2", T1/2 = 86 ns) and m S n (J* = 6+, T1/2 = 13.9 ns). The most impor-

tant contribution to the background stems from ' 13Sn, because a(<x, ny) » o(a, y)

and the end-point of the spectrum of y-rays populating levels in 113Sn is about 16

MeV (18 MeV). However, events from (a, ny) reactions are suppressed since the

J " = l l / 2 ~ isomer decays with one y-ray to a P-unstable isomer, whereas four

delayed y-rays are emitted in the decay of the Jn = 7" isomer in 114Sn. The predicted

time spectrum, taking into account the cross sections for the different reaction chan-

nels and the efficiencies to detect one of the respective delayed transitions in the
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Fig. S.5 Schematic time spectrum showing the depopulation of the J* = 6* ( T w = 13.9 ns) isomer in l l 2Sn, the

11/2" ( T w = 86 ns) isomer in 113Sn and the 7" (T1/2 = 733 ns) isomer in l l 4Sn. The relative normalizations are

determined by the cross sections for the different reaction channels and the efficiencies to detect one of the de-

layed transitions following the decay of the isomer in the respective final nucleus. The time range is divided

into three regions with equal intensity for delayed transitions in 114Sn.

experiment, is shown in fig. 5.5. The population at t = 0 is largest for the (a, 2ny)

channel but sharply decreases as a function of time due to the short lifetime of the

isomer in m S n . The contribution from this channel can be neglected for t > 0.2 jis.

Whereas the contribution from 113Sn is initially larger than from 114Sn this is

reversed at t = 0.7 us due to the larger lifetime of the 7" isomer in 114Sn. These

features can be recognized in the experimental time spectrum shown in fig. 5.6. In

addition this spectrum shows two other contributions, a constant background from

random coincidences and a number of sharp peaks caused by small satellite beam

bursts (note that the prompt peak in the spectrum is eliminated electronically).

The (a, y) and (a, ny) reaction channels can be separated by updating the

spectra of prompt high energy y-rays for three gate settings on the time spectrum of

delayed y-rays [Rij87]. The selected time bins were in the range of 220 - 480 ns,
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Ftg. 5.6 Time spectrum of the small Nal detector versus (he cyclotron RF divided by 15 in coincidence with

detection of y-rays of E, > 6 MeV in the VI) detector. Events around the main beam burst are electronically inhi-

bited. Small satellite bursts give rise to the peaks at l = -1.4, -0.1, +0.1 and +1.4 (is.

480 - 770 ns and 770 - 1230 ns, respectively. The widths were chosen such that the

number of events from 114Sn was equal in each interval. The number of events from
113Sn, on the other hand, decreased with relative contributions of approximately

100: 10: 1 for the different regions. Contributions from satellite bursts were

excluded from the gates for the different time bins and random coincidences were

eliminated by subtracting the spectra gated on corresponding time bins preceding

the main beam burst.

The prompt high energy y-ray spectra gated on the different time bins are

shown in ftg. 5.7, for the experiment using 24 MeV oc-particles. The spectrum gated

on the first time bin shows the well known exponentially decreasing function for

transition energies < 10 MeV and a slight enhancement between 10 and 20 MeV.

This high energy bump is also evident in the other two spectra with about equal

intensity. The intensity for y-ray energies below 10 MeV, however, dramatically

decreases for the spectra gated on the second and third time bin. This indicates that
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Fig. 5.7 Spectra of prompt high energy y-rays updated with a gate on the three different time bins in the spec-

trum of delayed y-rays, taken at E o = 24 MeV.

these y-rays are predominantly emitted in the decay leading to n 3Sn, whereas the

high energy bump stems from decay leading to 114Sn.

The y-ray spectrum corresponding to a gate setting on a particular time bin

contains events from H3Sn and 114Sn according to

Ni = a iN(n 3Sn) + (5iN(114Sn)

where the coefficients a and P give the relative contribution of the isomeric decay in

the selected time bin and the factors N(n 3Sn) and N(n 4Sn) depend on the initial

population at t = 0 and the efficiencies to detect the delayed transition. Both
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contributions can be decomposed from the spectra gated on the first and third time

bin. The spectra thus obtained can then be used to construct the spectrum gated on

the second time bin. The difference between this constructed spectrum and the

measured spectrum gated on the second time bin is shown in fig. 5.8. Although the

statistical fluctuations are large for y-ray energies below 10 MeV the measured and

constructed spectra are seen to be identical. This confirms the correctness of the

unfolding procedure and indicates that no other isomers contribute to the time spec-

trum.
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Fig. 5.8 Difference between the measured Y-ray spectrum with a gate setting on the second time bin and the

spectrum constructs from the u3Sn and 114Sn spectra obtained by unraveling the spectra gated on the first and

third time bins.

The spectrum of prompt high energy y-rays feeding the 11/2 isomer in
u 3Sn, obtained by subtracting the spectra gated on the first and third time bin, is

shown in fig. 5.9. This spectrum is dominated by the statistical y-rays following the

emission of one neutron. The exponential shape can be reproduced by a constant El

transition probability multiplied with the level density function. The end-point of

the spectrum corresponds to the initial excitation energy (26 MeV) minus the
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Fig. 5.9 Spectrum of prompt high energy y-rays following a-capture in noCd at a beam energy Ea = 24 MeV

and feeding the J" = 11/2" isomer in "3Sn. The solid line shows the result of a fit to the spectrum with a statisti-

cal model calculation using the computer code CASCADE.
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Fig. 5.10 Spectrum of prompt high energy y-rays following a-capture in "°Cd at a beam energy Eo = 24 MeV

and feeding the V = 7" isomer in 1MSn.
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Fig. 5.11 Spectrum of prompt high energy 7-rays following O-capture in 110Cd at a beam energy E o = 24 MeV

and feeding (he J" = T isomer in "4Sn. Contributions of the l n C d ( o , ny)IMSn and l i aCd(a, 2nY)"4Sn reactions

from the u l C d and "'Cd target impurities have been subtracted from the spectrum. The solid line shows the

result of a fit to the spectrum with statistical model calculations using the computer code CASCADE.

neutron separation energy (10 MeV). There is a slight enhancement in the region of

9 MeV < Ey < 18 MeV due to GDR decay preceding neutron emission.

The spectrum feeding the 7~ isomer in n4Sn was obtained by adding the

spectra gated on the three different time bins and subtracting the normalized 1I3Sn

spectrum. This spectrum is shown in fig. 5.10. The GDR bump is nicely seen in this

spectrum, in the y-ray energy interval 9 -18 MeV, superimposed on a small back-

ground.

The i n Cd and 112Cd target impurities give rise to contributions to the u4Sn

spectrum via the mCd(a, ny)n4Sn and 112Cd(ce, 2ny)114Sn reactions. The

significance of these contributions is of course a direct consequence of the very

large cross section for these reactions in comparison to the (a, y) reaction channel

thus counterbalancing the low target abundance for these isotopes. The contribu-

tions of these reactions to the spectrum have been determined in additional runs on a
n i Cd and a 112Cd target, respectively. The relative normalizations for these separate

runs were obtained from the yields of the evaporation residues measured with the
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Fig. S.12 Qualitative picture of the statistical y-decay of the GDR built on highly excited states in I14Sn. The an-

gular momentum distributions of the initial I14Sn compound nuclei produced at E a = 24 MeV (solid line) and 26

MeV (dashed line) are given in the top part of the figure. The features of the statistical y-decay are illustrated for

a compound nucleus produced at E a = 24 MeV and for levels with spin J = 8h*. The dotted line represents the

GDR decay probability for which a lorentzian shape is taken. The product of the level density in n < Sn and the

relative width for y-decay of these levels (dot-dashed line), which determines the fraction of the levels that de-

cay via the (a, 7) channel, is multiplied with the GDR decay probability to obtain the predicted y-ray spectrum

(solid line).

Ge detector, target thicknesses, isotope abundances and the cross sections for the

different reactions obtained from calculations with the computer code CASCADE

[Pilh77]. By gating on three time bins in the spectrum of delayed y-rays the chan-

nels feeding the 7~ isomer in 114Sn could again be isolated. The largest contribution

to the spectrum of high energy y-rays stems from the n i Cd impurity since the end-

point of the (a, ny) reaction channel is much higher than for the (a, 2ny) reaction

channel. This contribution leads to a correction of 50% at Ey = 7 MeV in the 114Sn

spectrum, but only of 4% at Ey = 12 MeV. The influence of the target impurities on

the n3Sn spectrum is much smaller and can be neglected.
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The y-ray spectrum feeding the 7~ isomer in ' 14Sn, corrected for the contri-

bution of target impurities, is shown in fig. 5.11. The y-decay of the GDR built on

highly excited states is seen here, for the first time, in absence of the typical

exponential background of statistical y-rays ! The main features of this spectrum can

already be described on the basis of the qualitative picture presented in fig. 5.12.

The GDR decay width per unit of energy neglecting the effect of the level densities

may be expressed as (see dotted line in fig. 5.12)

4e2 „ NZ 2 E ^
A

in which as usual a lorentzian shape is taken for the GDR in accordance with the

measured photo-neutron cross sections (c.f. section 2.3). The dot-dashed curve in

fig. 5.12 represents the level densities at angular momentum J = 8IT as a function of

excitation energy multiplied with the relative width for y-decay of the level. The

latter factor determines the fraction of the GDR decaying via the (a, y) channel. By

multiplying the El transition probability with the level density function one obtains

the y-ray spectrum indicated by the solid curve. This qualitative picture indicates

that, due to the level densities and the y-ray decay width relative to the neutron

decay width of the levels populated in the GDR decay, the peak of the y-ray spec-

trum is shifted to about 12 MeV and the width is smaller than the GDR decay width.

This is in agreement with the experimental data.

The high energy y-ray spectra following a-capture in 110Cd taken at Ea = 26

MeV and feeding the J11 = 11/2" isomer in 113Sn and 7~ isomer in 114Sn are shown in

figs. 5.13 and 5.14, respectively. These spectra have been obtained following the

procedure described above for obtaining the spectra at E a = 24 MeV. The main

features of the n3Sn spectra taken at 24 and 26 MeV are the same. The 114Sn spec-

trum taken at 26 MeV also shows a bump at around 12 MeV but with a much larger

intensity for y-ray energies below 10 MeV. The relatively large intensity below 10

MeV is a result of the higher end-point of the spectrum of y-rays following the GDR

decay.
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Fig. S.13 Spectrum of prompt high energy y-rays following a-capture in U0Cd at a beam energy Ea =• 26 MeV

and feeding the V = 11/2" isomer in 1I3Sn. The solid line shows the result of a fit to the spectrum with a statisti-

cal model calculation using the computer code CASCADE.
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Fig. 5.14 Spectrum of prompt high energy 7-rays following a-capture in 1I0Cd at a beam energy Ea = 26 MeV

and feeding the T = 7" isomer in m Sn . Contributions of the mCd(<x, ny)"4Sn and U2Cd(a, 2nY)n4Sn reactions

from the u lCd and 112Cd target impurities have been subtracted from the spectrum. The solid line shows the

result of a fit to the spectrum with a statistical model calculation using the computer code CASCADE.
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5.4 Discussion

Statistical model calculations of the total y-ray spectra expected for the
lloCd(oc, y)n4Sn and noCd(a, ny)I13Sn reactions were performed with an extended

version of the computer code CASCADE [Ptth77]. From these calculations a quanti-

tative analysis of the experimental y-ray spectra can be deduced. The code was

modified such that the y-ray spectrum of lloCd(a, y)114Sn events in which the com-

pound nucleus decays via the J71 = T isomer and the spectrum of n0Cd(a, ny)u3Sn

events decaying via the Jn= 11/2" isomer, including GDR decay in the first step of

the reaction, could be calculated (c.f. section 2.5). The CASCADE calculations

were performed for a grid with a bin size 0.7 MeV in excitation energy and IK in

angular momentum.

The line shape parameters obtained from the EGS Monte Carlo calculations

for the VU detector (c.f. section 4.3.4) were used to fold the theoretical y-ray spectra

with the detector response function. These parameters were interpolated linearly for

incident y-ray energies between two calculated points. For the peak detection

efficiency the measured value at E^ = 22.6 MeV was used, whereas the y-ray energy

dependence of the detection efficiency was obtained from the Monte Carlo calcula-

tions.

The exclusive y-ray spectra of H0Cd(a, y)n4Sn and "°Cd(a, ny)n3Sn reac-

tions are very sensitive to the level densities at various regions of excitation energy

in m S n , 113Sn and 114Sn. First consider the spectrum of 114Sn events. The competi-

tion between neutron and y-ray emission from the initial compound nucleus is, apart

from the GDR parameters and the transmission coefficients for neutrons, determined

by the level densities in the region 12 < E*< 16 MeV in 113'114Sn. This competition

roughly determines the absolute cross section of the n4Sn y-ray spectrum. The

detailed shape, however, is given by the subtle interplay of the neutron and y-ray

transition probabilities of the intermediate states, as is evident from jig. 5.12. The

probability for neutron emission following GDR decay is largely dependent on the

level density at low excitation energy (E*< 5 MeV) in n3Sn and the probability for

successive y-ray emission depends on the level density in the region 5 < E*< 10

MeVin114Sn.

The spectrum of 113Sn events stems from y-rays emitted prior to or after the

neutron emission. The y-rays following neutron emission give an exponential
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113Sspectrum with a slope determined by the variation of the level density in 113Sn in th>

region of excitation energy 15 <E*< 15-E^ MeV. The cross section is determine*

by the probability to emit another neutron, thus by the level density around 5 MeT

in 1 I2Sn. At first sight one would not expect a significant contribution from y-ray

emitted prior to the neutron since these y-rays only have a small branching ratic

However, y-rays of energy larger than 10 MeV emitted after neutron emission popi

late states at low excitation energy in 113Sn, thus also have a very small yiel<

Therefore there is a sizable contribution of the GDR decay followed by neutroi

emission in the 113Sn spectrum at high y-ray energies. The various regions at which

the level densities are probed are shifted upward by 2 MeV in excitation energy and

slightly in angular momentum for the data taken ai E o = 26 MeV.
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Fig. 5.1S Calculated y-ray spectra of the U0Cd(a, ̂ " S n reaction and feeding the J* = 7" isomer in ll4Sn for

different choices of the level density parameters DA and A in 113Sn. The calculations were perfonned with a

GDR energy, width and sum rule strength of 1S.6 MeV, S.O MeV and 1.0, respectively.

Dilg et al. [Dil73] have calculated the level density parameters a and A for a

large number of nuclei with the back-shifted Fermi gas model using the then avail-

able experimental level densities at low excitation energy and at the neutron binding

energy. The values they found for 113Sn are a = 14.48 MeV"1 and A = 0.69 MeV,

whereas for 118Sn they found a = 13.28 MeV"1 and A = 1.42 MeV. The parameter

values for 112>114Sn, not explicitly evaluated by Dilg et al., are not expected to devi-

ate much from those obtained for 118Sn. Instead of parameter a the parameter DA,
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related according to a = A/DA in which A is the nuclear mass number, is also fre-

quently used. Contrary to a the values for DA can be directly compared for

different nuclei as the simple mass dependence is removed. The above values for a

correspond to DA = 7.75 MeV for n3Sn and DA = 8.9 MeV for n8Sn. The values

given by Dilg et al. for a and A show sharp fluctuations between the odd and even

nuclei. Alternatively, the globally interpolated Dilg parameters can be used. These

are obtained by interpolation over all nuclei evaluated by Dilg et al. within a certain

mass region. The interpolated Dilg parameters yield for 113Sn a value for a of

12.56 MeV-1 (DA = 9.0 MeV) and A = 0.2 MeV.

These values for DA and A define the level densities in energy region I of the

CASCADE code (c.f. section 2.2). The interpolation of the level density parameters

from this energy region to the third energy region, described by the liquid drop

model, strongly influenced the calculated y-ray spectrum for n4Sn. For this reason

the transition region was shifted to excitation energies E*> 20 MeV.

The level scheme of ' 13Sn, defining the level density at low excitation ener-

gies, is of special importance since the shape of the y-ray spectrum of U4Sn is

largely determined by the level densities in this region. The experimental data

available from p-dccay of 113Sb, n0Cd(a, ny), mCd(a, 3ny) and mSn(d,p) were

used to specify the level scheme up to 2.5 MeV for this nucleus [Lyt81]. The level

scheme for 113Sn was completed with the results of 3 q.p. calculations [A1188]. The

transition to the Fermi gas above this energy yielded a level density in agreement

with the available (n, y) data [Sam68]. No difference has been made with respect to

the parity of the levels for energies where the level density formula was applied.

The rotational energy for levels with spin J>12h~ has been calculated taking

0 = O.50rig. This value has been deduced from the excitation energy of yrast states

with spin 6h~ £ J £ 12h~.

The GDR parameters for the ground state resonance can be obtained from

the photo-neutron cross section measurements on 116Sn by Fultz et al. [Ful69], giv-

ing EGD R = 15.67 MeV and rGDR = 4.19 MeV, or Lepretre et al. [Lep74], giving

EG DR = 15.57 MeV and rGDR = 5.21 MeV, whereas the strength corresponds to full

exhaustion of the classical TRK sum rule. The width found by Fultz et al. is lower

than found for the 117~120Sn isotopes by this same group or the value given by

LeprStre et al.
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Fie- 5.16 Calculated y-tty spectra of the "°Cd(a, ny)ll3Sn reaction and feeding the J" = 11/2" isomer in u3Sn for

different choices of the level density parameter DA in ll3Sn. The calculations were performed with a GDR ener-

gy, width and sum rule strength of 15.6 MeV, 5.0 MeV and 1.0, respectively. The calculated spectra were nor-

malized on the exponential pan to the result for DA = 9.0 MeV.

The sensitivity of the y-ray spectra to the level densities can be illustrated by

calculations of the y-ray spectrum feeding the T isomer in U 4Sn for different

choices of the level density parameters in n 3Sn. The result of these calculations,

using EGDR = 15.6 MeV and rGDR = 5.0 MeV and the full TRK sum rule strength, is

shown in fig. 5.15. It is evident that calculations with the original Dilg parameters

for n 3 Sn do not reproduce the experimentally determined cross section. A much

better agreement is obtained using the interpolated Dilg parameters for n 3 Sn

(DA = 9.0 MeV and A = 0.2 MeV). Variations of only 0.5 MeV in the magnitude of

DA lead to a change in the cross section for the Y-ray spectrum of approximately a

factor of two. The choice of a lower value for DA leads to a larger level density in
113Sn and hence decreases the probability for y-decay relative to neutron emission

from the initial compound nucleus. The net effect is a reduced cross section for the
114Sn spectrum, as is also seen in the figure. A similar strong dependence of the
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cross section was found for the level density parameter A. This can be understood

from the fact that a change in A leads to a shift of the virtual ground state relative to

the actual ground state and hence to a different level density for the states populated

by neutron emission.

The dependence of the y-ray spectrum feeding the 11/2" isomer in m S n on

the choice of level density parameters for m S n is illustrated in fig 5.16. For these

calculations the values mentioned above for the GDR parameters were again used.

The "3Sn y-ray spectrum is influenced in two ways : a change in the cross section

for the whole spectrum and a strong variation in the intensity of the GDR bump. The

first effect results from the competition with the (a, 2n) channel. The cross section

varies by 20% for the indicated change in the magnitude of DA by 0.5 MeV. The

spectra shown in the figure were normalized on the exponential pan to show more

clearly the variation in the GDR bump intensity. Increasing the level density in
113Sn (by decreasing DA) leads to a lower probability for y-ray emission in the first

step in ' )4Sn and hence also to a lower intensity of the GDR bump observed in the
n 3 Sn spectrum.

From the qualitative discussion given above it follows that the spectral

shapes strongly depend on the level densities as well as the GDR parameters. The

following procedure was applied to determine both sets of parameters in such a way

that there is a minimal interference. First the theoretical y-ray spectra of u 3 Sn

events, at E a = 24 and 26 MeV, were calculated for different values of DA in n 3Sn

as well as m S n . The resulting theoretical spectra for n 3Sn were fitted to the experi-

mental data in the y-ray energy interval 7 to 9 MeV, which is the least dependent on

the GDR parameters, using the x2-iranimization program MINUIT [Jam75] by treat-

ing the relative normalization RNORM, between the theoretical and experimental

spectra, as a free parameter (fig. 5.17). For these calculations the ground state GDR

parameters were used at first and later the parameters obtained from the analysis of

the experimental y-ray spectra presented in the next paragraph. The best set of

parameter values extracted from these fits are DA = 9.0 MeV for both H3Sn and
114Sn, taking A = 0.2 MeV and A = 1.4 MeV, respectively. These values also give a

good agreement for the calculated y-ray spectra of n 4 Sn events. Variations in the

magnitude of DA by more than 0.3 MeV could clearly be ruled out by the com-

parison with the experimental spectra.
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Fit 5.17 Flow cnut illustrating the fit procedure used to extract the GDR parameters from ihe experimental y-

ray spectrum. For the fit of Ihe GDR parameters Ihe CASCADE calculation and folding with the detector

response were performed for every iteration of the minimization procedure separately, whereas for the fit of rhe

relative normalization they were performed only once.

Having established the level density parameters in 113<114Sn and the relative

normalizations between experiment and calculation, the GDR parameters were

deduced from fits to the experimental spectra of u 3 Sn and 114Sn events, taken at 24

and 26 MeV. For these calculations die energy (EGDR)> the width (TGDR) and the

sum rule strength (S) of die GDR were used as free parameters in the procedure

illustrated in fig. S.17. A consistent normalization (RNORM) between calculation

and experimental data of 0.8 was obtained for all four spectra. Hie parameters

obtained from the fits are :

15.2 ± 0.5 MeV

= 7 ± l M e V

S = 0.9 ±0.1 .
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These results are shown in figs. 5.9, 5.11, 5.13 and 5.14. It is seen that all four

experimental Y-ray spectra are reproduced well by the statistical model calculations

using the same set of parameters.
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Flj. 5.18 Systematic trend of the GDR energy and width in excited Sn isotopes as a function of excitation ener-

gy. The data for I0*Sn are taken from GaardMje et al. [Gaa84b] indicated by the open circles, for !10Sn from

Chakrabarty et al. [Cha87] indicated by filled circles, for '"Sn from GaardMje et al. [Gaa86] indicated by open

squares and for llJSn from Chakrabarty et aL [Cha87] indicated by filled squares. The values for 114Sn, found in

this work, are indicated by the triangles.

The data available from the literature for the GDR parameters in excited Sn

isotopes are summarized in fig. S.I 8. They are given as function of the initial excita-

tion energy of the compound nuclei. The data of Gaardh^je et al. and Chakrabarty

et al. are, however, an average over a number of nuclei in the decay cascades and

consequently a range of excitation energies. The GDR energies given by GaardhjSje

et al. are systematically higher than given by Chakrabarty et al.. This can be

explained by either the choice of level density parameters or uncertainties in the

detector response function. The 108Sn spectra were analyzed with DA = 7.5 MeV

and for m S n a value of DA = 8.0 MeV was used, whereas the 110<n2Sn spectra were
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analyzed with DA = 9.0 MeV. A larger level density leads to a sleeper decay in the

•heoretical spectrum and hence the GDR energy must be increased in order to repro-

duce the experimental spectrum.

A dramatic increase of the GDR widih is observed as a function of excitation

energy. A similar increase of the GDR width was predicted by Gallardo et al. from

calculations for I08Sn [Gal85J and '"Zr [Gal87). These nuclei are spherical in the

ground state. For IO8Sn a minimum occurs in the potential energy surface at

increased excitation energy and angular momentum for an oblate deformation with

(3 = 0.3. Thermal shape fluctuations around this equilibrium lead to the observed

broad strength distribution. For ^Zr the increased width is not due to a change in

shape but completely arises from the sampling of finite distortions under the

influence of thermal fluctuations.

The resonance width obtained for ' 14Sn is approximately the same as found

for the excited Sn isotopes at excitation energies in the region 50 - 70 MeV. This

value is 2 MeV larger than for the ground state resonance. These values are in

accordance with the picture of thermal shape fluctuations causing a broadening of

the resonance. The sharp increase of the resonance width at higher excitation ener-

gies can be qualitatively understood in terms of a change of the nuclear shape.

According to the theoretical calculations the nuclei attain an oblate shape at increas-

ing temperature and angular momentum.

5.5 Concluding remarks

The exclusive y-ray spectra of the lloCd(oc, y)n4Sn reaction feeding the

Jn = 7~ isomer in m S n and the I10Cd(a,ny)U3Sn reaction feeding the J*= 11/2"

isomer in 113Sn were measured at a beam energy of 24 and 26 MeV. This was made

possible by using the delayed transitions following the decay of the respective iso-

mers. By combining the y-ray spectra with gate setting on three different time bins

in the spectrum of delayed transitions the y-ray spectra corresponding to the two

different reaction channels could be completely separated. Corrections were applied

to these spectra for the contribution of the n l Cd and 112Cd target contaminations.

This technique enabled the separation of the weak (a, y) reaction channel against the

background of the (a, n) and the (a, 2n) reaction channels that have a cross section

larger by, respectively, three and five orders of magnitude. The y-ray spectrum of
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114Sn events revealed, for the first time, the GDR bump in absence of the typical

exponential spectrum of statistical y-rays.

The detailed shape of the (a, y) spectrum and the intensity of the high energy

tail in the (a, ny) spectrum are largely determined by the nuclear level densities in
113Sn and 114Sn. This dependence was used to determine the level density parame-

ters for these nuclei. In a systematic search the absolute normalization and spectral

shape of the y-ray spectra calculated with different level density parameter values

were fitted to the experimental spectra. The set of parameters DA = 9.0 ± 0.3 MeV

for n3Sn and m S n taking A = 0.2 MeV and 1.4 MeV, respectively, was obtained as

the best case for all of the four compared y-ray spectra. These are in agreement with

the globally interpolated Dilg parameters. The calculations with the original Dilg

parameters given for 113Sn (DA = 7.75 MeV and A = 0.7 MeV) could not reproduce

the experimental spectra.

The GDR parameters were determined from fits to the experimental y-ray

spectra. These were in all four cases well reproduced by the statistical model calcu-

lations using EGDR = 15.2 + 0.5 MeV, rGDR = 7 ± 1 MeV and S = 0.9 ± 0.1 and the

same relative normalization. The energy of the GDR is in agreement with the values

found for the ground state resonance and the data available for other excited Sn iso-

topes. The width of the resonance in excited Sn isotopes strongly increases with

excitation energy. The width found for 114Sn in this experiment is in agreement

with the values found for excited Sn isotopes at excitation energies 50 - 70 MeV.

These widths are approximately 2 MeV larger than for the ground state resonance,

an increment that can be ascribed to the effect of shape fluctuations at higher tem-

perature [Gal85 and Gal87].

The method can potentially be extended to higher excitation energies of the

compound nucleus, for example by measuring the u lCd(a, ny)114Sn reaction at

Ea = 35 MeV. The GDR decay may then occur at two steps of the decay cascade.

By a proper choice of beam energy the states populated after neutron emission by

the intial compound nucleus can be made to largely overlap with the states popu-

lated by oc-capture in n0Cd at Ea = 24 MeV. The results described in this chapter

can then be used to account for the contribution of GDR decay in the second step of

decay of the 115Sn compound nucleus and isolate the contribution from the first step.

This will yield information on the level densities in 114ill5Sn at excitation energy



- 102-

- 25 MeV. A problem, however, is the difference in angular momentum of the states

populated in these reactions. This problem might be attacked by using a different

projectile - target combination.



-103-

References

A1188 K. Allaart, private communications (1988)

Bro79 J. Bron, W.H.A. Hesselink, J.J.A. Zalmstra, M.J. Uitzuiger, H. Verheul, K. Heyde,

M. Wa wjuier, P. van Isacker and H. Vinex, Nucl. Phys. A318 (1979) 335

Cha87 D.R. Chakrabarty, S. Sen, M. Thoennesscn, N. Alamanos, P. Paul, R. Schicker, J. Stachel

and J.J. GaardhOje, Phys. Rev. C36 (1987) 1886

DÏ173 W. DUg, W. Schantl, H. Vonach and M. Uhl, Nucl. Phys. A2I7 (1973) 269

Ful69 S.C. Fultz, BJL Berman, J.T. Caldwell, R.L. Bramblett and M.A. Kelly, Phys. Rev. 186

(1969) 1255

Gaa84a JJ. Gaardhgje, O. Andersen, R.M. Diamond, C. Ellegaard, L. Grodzins, B. Herskind,

Z. Sujlcowski and P.M. Walker, Phys. Lett. 139B (1984) 273

Gaa84b J J . Gaardhjije, C. Ellegaard, B. Herskind and S.G. Steadman, Phys. Rev. Lett. 53 (1984)

148

Gaa86 JJ. Gaardh^je, C. Ellegaard, B. Herskind, R.M. Diamond, M.A. deleplanque, G. Dines,

A.O. Machiavelli and F.S. Stephens, Phys. Rev. Lett. 56 (1986) 1783

Gal85 M. Gallardo, M. Diebet, T. Dossing and R.A. Broglia, Nucl. Phys. A443 (1985) 415

Gal87 M. Gallardo, F.J. Luis and R.A. Broglia, Phys. Lelt. 191B (1987) 222

Has79 O. Hashimoto, Y. Shida, G.Ch. Madueme, N. Yoshikawa and M. Sakai, Nucl. Phys.

A318 (1979) 145

Jam75 F. James and M. Roos, Comp. Phys. Comm. 10 (1975) 343

Lep74 A. Leprêtre, H. Beil, R. Bergère, P. Carlos, A. de Miniac and A. Veyssière, Nucl. Phys.

A219 (1974) 39

Lyt81 J. Lyttkens, K. Nilson and L.P. Ekström, Nucl. Data Sheets 33 (1981) 1

New81 J.O. Newton, B. Herskind, R.M. Diamond, E.L. Dines, JJ£. Draper, K.H. Lindenberger,

C. Schlick, S. Shih and F.S. Stephens, Phys. Rev. Lett. 46 (1981) 1383

Pùh77 F. Pühlhofer, Nucl. Phys. A280 (1977) 267; M.N. Harakeh, extended version, private

communication

Rij87 H. Rijneveld, Internai report, Vrije Universiteit Amsterdam (1987)

Sam68 C. Samour, J. Julien, M. Kuchly, R.N. Alves and J. Morgenstern, Nucl. Phys A104

(1968)512

Sno86 K.A. Snover, Ann. Rev. Nucl. Part. Sei. 36 (1986) 545

Sto88 A. Stolk, W.H.A. Hesselink, H. Rijneveld, A. Balanda, J. Penninga and H. verheul, Phys.

Lett. 200B (1988) 13



CHAPTER VI

A search for the giant dipole resonance

built on superdeformed states in 1S2Dy

6.1 Introduction

The shape of the giant dipole resonance (GDR) depends on the nuclear

deformation. In axially symmetric deformed nuclei the GDR is split into two com-

ponents, corresponding to a vibration along the short axis (high energy component)

or long axis (low energy component) of the nucleus. The energy difference between

the centroids of the two components is proportional to the deformation. Further-

more, the intensity ratio of the low to high energy component characterizes the

nuclear shape as it is equal to 1:2 for a prolate shape and 2:1 for an oblate shape.

These properties of the GDR are nicely demonstrated by a study of the photo-

absorption cross section in a chain of Sm isotopes, illustrating the transition from

the spherical nucleus 144Sm to the prolate deformed nucleus 154Sm [Car74a].

Similarly the GDR strength function, as is obtained by measuring the spec-

trum of high energy y-rays emitted in the decay of a compound nucleus, provides

information on the deformation of the ensemble of excited states populated by the

y-decay. Recently it has for example been observed that in 166Er the splitting of the

GDR built on levels at a moderate temperature of T - 1 MeV is similar to the split-

ting of the GDR built on the ground state, thus indicating that the nuclear shape is

preserved with increasing temperature [Gos85]. The interesting possibility of a

change to oblate shape in the same nucleus at a slightly higher temperature and

angular momentum has been suggested on the basis of this kind of measurement

[Gaa84 and 85].

A systematic study of the GDR parameters in excited nuclei from A = 45 -

166 has recently been undertaken by the Seattle group [Sno86]. The compound

nuclei were produced at initial excitation energies between 40 and 50 MeV and

moderate spins in the range 0 - 25h~. The measured strengths are consistent with the
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Thomas-Reiche-Kuhn sum rule, in good agreement with ground state systematics.

The extracted GDR resonance energies are well reproduced by the curve that fits the

ground state GDR energies in this mass region. The width of the ground state GDR

is a fluctuating function of mass number. Narrow widths are found in the region of

spherical nuclei whereas deformation leads to a broadening of the GDR in other

mass regions. Such a sharp fluctuation is not seen for the excited state GDR's but

rather a smooth dependence is found. The widths are generally broader than the

ground state GDR widths. The exception are the nuclei that are deformed in the

ground state. As mentioned before this is indication of the persistence of deforma-

Jon at higher temperature. It is thus tempting to infer that the increased widths are

due to deformation effects in the other nuclei as well.

A very interesting case for the study of the evolution of nuclear shape with

increasing temperature and spin is the investigation of the GDR associated with

superdeformed states in 152Dy. The two-fluid hydrodynamical model, which has

been extensively used to describe the properties of the ground state GDR, predicts

for such a prolate superdeformed nucleus with deformation parameter |3= 0.6 a

splitting of the GDR into two components at energies 10.5 and 17 MeV [Ber75].

Due to the effect of rotational motion in a strongly deformed nucleus at high angular

momentum the magnitude of this splitting may be increased even further. Detailed

microscopic calculations of the GDR for the superdeformed 152Dy nucleus at angu-

lar momentum 60 IT and zero temperature with a cranked deformed Nilsson potential

result in two components at energies 8 and 18 MeV [Gal85].

The properties of the GDR built on excited states at very high spin are not

very well known experimentally. Data obtained with the Heidelberg crystal ball give

evidence for a decrease of the GDR resonance energy and strength with increasing

angular momentum [Hen83]. Such a decrease of the resonance energy and strength

might be caused by the effects of oblate deformation combined with the effects of

the nuclear level density function, as the strength is then shifted to the low energy

component. In the experiment described in this thesis the dependence of the GDR

on excitation energy and (very high) spin has been studied to some detail. The

experiment was set-up in an attempt to observe the GDR built on superdeformed

states in 152Dy.
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The first experimental evidence for a superdeformed shape at high spin was

found in the EL - E~ correlation matrix of !52Dy [Nya84]. Pronounced ridges were

observed in this matrix for Y-ray energies 0.8 - 1.35 MeV at a separation of 47 keV.

This separation gives a large dynamical moment of inertia of J(2) = 85 E2MeV~1,

indicating a deformation of p = 0.6. Further evidence for a large deformation associ-

ated with these ridges was derived from the measured fast lifetime limits,

corresponding to very enhanced B(E2) values [Twi85]. Subsequent experiments by

the same group with an improved experimental set-up gave the spectacular result of

a discrete-line superdeformed band of 19 transitions extending up to spin 60FT in this

nucleus [Twi86]. The quadrupole moment measured for this band (19 eb) is con-

clusive evidence that it is indeed associated with a superdeformed shape,

corresponding to a major-to-minor axis ratio of 2:1 [Ben87].

The occurrence of superdeformation is related to the shell gaps which open

up for certain ratios of the major-to-minor axis around 3:2, 2:1, 3:1 etc. in an ellip-

soidal potential. This can be understood from the harmonic oscillator potential at an

axis ratio of 2:1, where two quanta in the direction parallel to the major axis are

energetically equivalent with one quantum in the direction perpendicular to the

major axis. Therefore, the energy levels will be bunched in shells with gaps at the

particle numbers 2, 4, 10, 16, 28, 40, 60, 80, 110 This bunching approximately

remains for more realistic potentials but, as some high-j orbitals are shifted one shell

downwards, the magic numbers are shifted to larger particle numbers [Rag80,

Ben81, Dud85]. The ridge structure which was observed in the correlation matrix of
152Dy was not seen in the correlation matrices of the even-even neighbours I50Dy

and 154-156Er [Voi87]. This might be taken as evidence for a shell closure at large

deformation and high spin at Z = 66 and N = 86.

A remarkable difference in decay properties is found for the superdeformed

band and the ridges in the correlation matrix. The superdeformed band is populated

at the highest spin and decays with strong in-band transitions with almost constant

intensity down the band until a sudden drop in intensity occurs at spin ~ 24h~. How-

ever, second and higher order ridges, indicating more than two subsequent transi-

tions within the same band, were only very weakly observed in the correlation data.

Most of the intensity located in the first ridge must therefore be ascribed to other

superdeformed structures. These structures must exhibit strong out-of-band branch-

ing and, since the ridges are seen between y-ray energies 0.8 - 1.35 MeV, must be
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populated over the broad spin range from J = 35 - 60h~. The decay intensity in the

band is largest compared to the ridge intensity for entry regions at very high spin

[Mac87].

A mechanism for the strong feeding of the yrast superdeformed band at very

high spin has been suggested by Herskind et al. [Her87]. Due to the low energy

component of the GDR built on superdeformed states the probability for cooling of

the nucleus by El transitions is enhanced by more than one order of magnitude

compared to standard cooling rates. This leads to a fast cooling into the yrast super-

deformed band. A second effect responsible for the enhanced probability of decay

into the superdeformed band is connected with the low level density expected in the

superdeformed minimum.

The superdeformed structures complement an already rich spectrum of

nuclear shapes for the nucleus 152Dy. This spectrum includes oblate single-particle

states up to spin 38h~ [Twi84] and a collective low-deformation band up to spin 40h"

[Nya86]. Furthermore, indications for triaxial bands were recently found near the

yrast line between spins 30 - 50S [Rie87]. Microscopic calculations indicate that the

level density for superdeformed states is largest for spin > 60IT, for oblate shapes at

spins < 45FF and for triaxial shapes at the intermediate spins with increasing excita-

tion energy [Abe88].

In view of the relative strong feeding of the superdeformed band and the fact

that levels of the superdeformed band become yrast states at J > 55h~ the nucleus
152Dy is well suited to search for a signature of the GDR built on superdeformed

states. Two effects will be investigated in more detail by this study : the occurrence

of superdeformed structures at higher excitation energies and the fast cooling into

the yrast superdeformed band by the low energy component of the GDR built on

these states. Evidently this study will have to be as selective as possible. The fol-

lowing methods are available to increase the selectivity needed:

1. Entry region The largest contribution to the high energy y-ray spectrum stems

from y-decay in the first step of the cascade and the contribution of the subsequent

steps gradually decreases (c.f. fig. 2.2). This implies that in the case superdeformed

shapes are confined to excitation energies near the yrast line, in accordance with the

observations made thus far, the only contribution to the total spectrum of the GDR
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built on these states will be from y-decay in the last step of the cascade leading to
152Dy. The entry region, corresponding to this final nucleus, can be selected using

the total sum energy and multiplicity of the y-rays emitted.

2. Isomer tag A particular final nucleus can be selected by using the delayed transi-

tions following the decay of a long lived isomer. The power of this technique has

been illustrated by the study of 114Sn, described in chapter V. The nucleus 152Dy

also offers this possibility with the J* = 17+ (T, /2 = 60 n:s) isomer. The method is

more difficult in this case, however, due to the smaller difference in lifetime of this

isomer and the isomers in 151Dy (J* = 49/2+, Tm = 13 ns and 41/2", 6 ns) and 149Dy

(JTC = 47/2+ ,T ] / 2 = 28ns).

3. Decay via superdeformed bands A signature for superdefomiation can be

obtained by gating on y-rays in the energy range 0.6 - 1.45 MeV, corresponding to

transitions in the superdeformed bands.

The selectivity obtained with these methods will be investigated in the following

sections.

The outline of the remainder of this chapter is as follows. In section 6.2 the

experimental set-up and some of the characteristics of the detection system are dis-

cussed. The experimental data and analysis are presented in section 6.3. Section 6.4

is devoted to a discussion and interpretation of these data. Finally, in section 6.5

conclusions from the experiment and an outlook to possible future experiments are

given.

6.2 Experimental procedure

6.2.1 Experimental set-up

A beam of 205 MeV 40Ar ions, produced with the AVF cyclotron at the KVI

in Groningen, was used to study the spectrum of high energy y-rays following the
n6Cd(40Ar, xny)156~~xDy reaction. The experiment was performed with a 3.2

mg/cm2 116Cd target, enriched to 91%. A relatively thick target was used to

increase the yield. An additional advantage of such a target is a variation of beam

energy, due to energy losses in the target, between 205 - 180 MeV, producing I56Dy

compound nuclei at initial excitation energies ranging from 100 - 80 MeV. The for-

mation of compound nuclei in a finite range of excitation energies is needed since

the y-decay of the GDR has to be observed for the 4n reaction channel including y-
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ray energies between 5-20 MeV. Thus in addition to the Q-value and yrast energy

an excitation energy ranging from 5 - 20 MeV is needed. Also, the yrast energy is a

steep function of angular momentum at the high spin states populated.

The recoils were stopped in a Au backing for the detection of the delayed

transitions. The beam, passing through the target-backing assembly, will be blown

up considerably and hit the downstream part of the beam line, producing a back-

ground of high energy y-rays and neutrons. For this reason a backing was used in

which the beam particles were stopped as well. Since the energy is below the

Coulomb barrier in Au no interaction, apart from Coulomb excitation, can take

place in the backing. The average beam current during the experiment was 20 electr-

ical nA (AT8*).

High energy y-rays were measured with a large 10 xl4 Nal detector, which

was surrounded by a plastic scintillator anti-coincidence shield. This assembly was

mounted in a Pb cylinder which served as a shield against background radiation and

to improve the rejection of cosmic rays. The combined use of a plastic scintillator

and Pb shield provides for an excellent cosmic ray suppression, needed to obtain a

clean spectrum at the highest y-ray energies. Direct radiation into the plastic scintil-

lator and edges of the Nal crystal was prevented by a Pb collimator. The detector

has an excellent energy resolution for high energy y-rays, e.g. 2.0% at Ey= 22 MeV.

This has the advantage that it facilitates a decomposition of the complex GDR

bump. More details on the design and performance of this detector can be found in

chapter IV. It was placed at a distance of 60 cm from the target in order to discrim-

inate neutrons from y-rays by time of flight.

The signals from the 7 photomultiplier tubes of the Nal were gain-matched

using a 6 MeV source and passively summed to obtain the total energy signal. The

gain stability during the experiment was checked by monitoring the position of the

6.8 MeV peak, due to the capture of slow neutrons on 127I. No significant variations

were found. The electronic trigger for the detector was given by a high level thres-

hold of - 5 MeV. To measure the energy region below 5 MeV as well the event

trigger could also be generated by a signal from the low energy threshold discrimi-

nator, downscaled by a factor of 200. This gave about equal contributions to the y-

ray spectrum for these two energy regions. The downscale factor was measured

exactly with two sealers. The pile-up of any two signals within a time interval of
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Fig. 6.1 Experimental set-up used for the measurements.

was indicated by setting a bit with a coincidence register. The average count

rates in the detector were - 7 kHz at low threshold and ~ 400 Hz at high threshold.

Each segment of the plastic scintillator shield was provided with a discriminator in

order to be as sensitive as possible for detection of escape radiation from the central

Nal crystal, thus optimizing suppression of events with incomplete energy deposited

i.i the crystal.

The experimental set-up is shown i n ^ . 6.1. The target chamber was placed

inside a sum spectrometer consisting out of six identical mechanically separated Nal

detectors [Ruy82]. This sum spectrometer, originally a cylinder of length and radius

40 cm, was divided into two halves of three segments each. The two halves were

placed one above and one below the beam line at a distance of 7 cm from the target.

The total y-ray detection efficiency in this configuration was 65%. The gap between

the two halves of the sum spectrometer in the horizontal plane was filled with ten

5 x 5 Nal detectorst, placed at distances 1 0 - 3 0 cm from the target. These

t We would like to thank our colleagues of the R. van der Graaff laboratorium Utrecht for kindly
lending us the Nal detectors.
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detectors served a number of purposes. The main use was as a multiplicity filter.

They were, however, also used to obtain a trigger from delayed transitions and to

measure the prompt low energy y-ray spectrum. The sum spectrometer signal pro-

vided the time reference for all other detectors. The count rate in each segment of

the sum spectrometer was as high as - 80 kHz, at which level pile-up is significant

but acceptable.

The set-up further consisted of a Ge telescope, which was provided with a

BGO+Nal Compton suppression shield. The properties of this detector have been

described in chapter IH. It consists of a planar n-type (Gc-F), coaxial n-type (Ge-M)

and coaxial p-type (Ge-B) intrinsic Ge detector, all mounted in one cryostat. The

signals were taken from either the planar or middle Ge detector and, in both cases,

all remaining detectors were used as part of the suppression shield. Since the middle

Ge detector is completely surrounded by this shield a high Compton suppression

factor (of up to 10) is accomplished for the relevant y-ray energy region. The planar

detector is only used to measure low energy y-rays (Ey < 200 keV). The telescope

was placed at an angle of 90° with respect to the beam axis in order to avoid doppler

shifts and broadening as much as possible. The Ge detector is crucial in the analysis

of the data since it provides a finger-print of the effect of selections on sum energy,

y-ray multiplicity, delayed trigger etc.

The event trigger was a logical OR of four combinations of events, shown in

fig. 6.2. Two of these events included the Nal detector and the other two events the

Ge telescope. In either of these cases an event was only accepted if it was in coin-

cidence with a prompt signal in at least four sum spectrometer segments and one

small Nal detector or if it was in delayed coincidence with a sum spectrometer seg-

ment or small Nal detector. The delayed transitions were accepted for a time win-

dow ranging from +30 to +300 ns. The time windows for the large Nal detector was

-100 to +150 ns and for the Ge telescope -100 to +200 ns. The time definition for the

event trigger was obtained from the sum spectrometer. Events including a y-ray

detected in the Ge telescope in coincidence with a high prompt multiplicity were

downscaled by a factor of 6 and those in coincidence with a delayed trigger by a fac-

tor of 2.
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Flj. 62 Logic diagram showing the definition of the event trigger. The event signals are defined by a coin-

cidence between a y-ray detected in the large Nal detector or the Ge telescope with either an event in at least

four sum spectrometer segments and in addition a small Nal detector (prompt trigger) or with a delayed event in

either segment or small Nal detector (delayed (rigger). Timing relations between the three signals at each coin-

cidence unit are schematically indicated.

The energy detected in the Nal detector, in the six segments of the sum spec-

trometer, in the ten small Nal detectors and in the planar and middle Ge detector as

well as the time differences of the signals detected in these detectors versus the sum

spectrometer were read out by the computer for each accepted event and stored on

magnetic tape. A total of 2.5xlO7 events was acquired during the experiment. The

single Compton suppressed Ge spectra were also measured separately on a mul-

tichannel analyzer for normalization purposes.
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6.2.2 Neutron-y separation

Neutron induced events are an important source of background in large Nal

detectors. The response of a large Nal detector to neutrons from fusion-evaporation

reactions consists of an intense low energy component and a low intensity high

energy bump [Ruy82]. The corresponding y-ray energy of the high energy bump can

be as large as 8 - 20 MeV depending on the kinetic energy of the neutrons. This

energy coincides with the energy expected for the low energy component of the

GDR built on supcrdeformed states. Hence a good discrimination of y-ray and neu-

tron induced events is needed. For this purpose the time of flight or pulse-shape

discrimination techniques can be used. The latter method, however, is not very well

suited for Nal detectors since the main interaction is by inelastic neutron scattering

and thus similar pulse-shapes are obtained for y-rays and neutrons.

Time spectra of the large Nal detector vs. the sum spectrometer, obtained by

gating on a number of bins in the energy spectrum, are shown in fig. 6.3. The contri-

bution from cosmic rays is eliminated from these spectra by the anti-coincidence

with the plastic scintillator shield. Comparison of fig. 6.3 (a) - (d) shows a broad

structure, caused by fast neutrons, moving to shorter flight times at higher

corresponding y-ray energies. Thermalized neutrons contribute to the random back-

ground in the time spectra. The dominant interaction process of these neutrons is

radiative capture on 127I and MNa, producing a strong peak at 6.8 MeV, and thus

contributing most strongly to the spectrum gated on the 6-7 MeV energy bin. This

contribution can be eliminated by a correction for random coincidences in the Nal

detector. Finally, the spectra of fig. 6.3 show a sharp peak at flight times in the

range of 15 - 20 ns, with a relative strength that is strongest for the 8 - 9 MeV bin

and rapidly decreases for the high energy bins. The position of this peak shifts by

only a small amount when gating on higher corresponding y-ray energies, reflecting

a narrow distribution in neutron energies. Evidence that this peak is indeed pro-

duced by fast neutrons is obtained from a measurement of the time spectrum, shown

in fig. 6.3 (e), after placing a 10 cm thick Pb shielding between the target and the

detector. From a comparison of measurements performed at various distances of the

Nal detector from the target an average energy of - 6 MeV is obtained for the neu-

trons giving rise to this peak, close to the average energy per nucleon of the projec-

tiles. The spectra displayed in fig. 6.3 indicate that for all energy bins a clear

separation of y-rays and neutrons can be obtained by setting a gate on the prompt
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part of the y-peak and by correcting for random coincidences. Events caused by a

pile-up of y-ray and neutron from the same beam burst can not be discriminated by

the time of flight technique since the detector is triggered by the y-ray. This effect is

minimized by the small solid angle of the Nal detector.
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6.2.3 Determination of sum energy and y-ray multiplicity responses

A heavy-ion induced fusion reaction leads to the formation of a compound

nucleus with a large amount of excitation energy and angular momentum. Particle

decay, in the rare earth region mostly neutrons, first removes the bulk of the excita-

tion energy but only a small fraction of the angular momentum. The decay from the

entry states, the states populated after particle emission, to the ground state then

proceeds by y-ray emission, taking away the remaining part of the excitation energy

and most of the initial angular momentum. Due to the high level density the entry

state and ground state are connected by a large number of pathways, giving rise to

many possible y-cascades. A large number of observations will then result in an

average cascade that is representative for the deexcitation of a given entry state to

the ground state. Such a cascade is characterized by the total energy and the multi-

plicity of the y-rays. Because the entry state depends on the number of particles

emitted (c.f. fig. 1.2) the measured total y-ray energy and multiplicity can also be

used to select between the different evaporation residues.

Several physical effects determine the response of a detector system to a cas-

cade of M y-rays and contribute to the statistical uncertainty of the multiplicity

measurement. The most important are : (a) Incomplete detection arising from the

fact that for a realistic spectrometer the total detection efficiency will be less than

unity. Hence a varying number of y-rays may escape detection, (b) Coincidence

summing arising when more than one y-ray hits the same detector element causing a

single response, (c) Compton scattering from one detector element to another caus-

ing a trigger in both elements by a single initial y-ray (the so-called cross-talk), (d)

Neutrons or other particles that accompany the reaction event and can cause a

trigger in a detector element. From these considerations it is clear that only with a

spectrometer consisting out of a large number of detectors, with a total detection

efficiency close to one, the multiplicity can be determined from the number of ele-

ments firing in a given event. Alternatively a spectrometer can be used as a filter to

select cascades from a certain range of multiplicities or a particular evaporation resi-

due. The multiplicity filter for the set-up described in this chapter consisted of ten

Nal detectors and in addition six segments of the sum spectrometer. The drawback

of this set-up, however is twofold, firstly that the different elements of the filter have

different detection efficiencies and secondly the significant cross-talk between these

elements. The performance of this system of 16 non-identical detectors, including
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cross-talk, is investigated in this section.

First the case of N identical detectors, each with detection efficiency Q, is

considered in the absence of cross-talk. The response is obtained from the probabili-

ties Pffp for a p-fold coincidence among these detectors on an input of M y-rays,

neglecting angular distribution effects. The derivation of these probabilities is given

by several authors (see for instance Hag75, Wes77, Ock78 and Wer78). The result

is

(E] [ [ ] ] (6.1)
Cross-talk is included by introducing the fraction f for the probability that a scat-

tered y-ray is detected in another detector. For f = 0 no additional y-rays are pro-

duced and for f = 1 every initial y-ray yields two quanta in different detectors. The

probability that i additional quanta are produced is then given by

With this binomial element the probability PN p , for a system of identical detectors

including cross-talk, can be written as [Eji88].

M
PNp = IPNp+iXgi

i=0
M

(6.2)

The extension to a system of non-identical detectors, without cross-talk, is

given by [Wer78]. In this case the efficiencies Q are replaced by the different values

Q; for each detector. The generalization of equation 6.1 then includes a summation

over all possible permutations that take n out of N detectors of the probabilities not

to observe a y-ray in the remaining N-n detectors. The inclusion of cross-talk, how-

ever, is by far not straightforward since the scattering fraction f must be replaced by

a full matrix fy giving the fraction scattered from detector i to detector j and all com-

binations between detectors must be considered explicitly. Monte-Carlo calcula-

tions, on the other hand, provide a simple alternative for this problem. The process

of detecting y-rays is in these calculations simulated by generating random numbers.

For this purpose the unit probability interval is divided into several successive
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Fig. 6.4 Fold distributions resulting from the Monte Carlo calculations for a system consisting out of 6 sun:

spectrometer segments and 10 small Nal detectors. The curves represent the probability distributions PjrJ, for a

y-cascade of multiplicity 5, 10, 20, 30 and 40, respectively.

regions, each corresponding to a particular detector, with a size equal to the

efificiency of this detector. The magnitude of the random number then determines

which detector is triggered, i.e. a number in the interval i is interpreted as a y-ray

detected in detector i. Likewise a number in the remaining interval of size l-£2p as a

y-ray escaping detection in any detector. Cross-talk is included with the efficiencies

for scattering between any two detectors. Again the probability interval is divided

into parts corresponding this time to the probabilities for detecting a y-ray scattered

from detector i, in which part of the energy of the initial y-ray is detected, in either

of the detectors j . The magnitude of a second generated random number then

decides on the cross-talk and, if so, the detector into which the y-ray is scattered.

After the simulation of M primary y-rays the number of triggered detectors is

obtained and updated in the fold spectrum. The simulation of a large number of

cases, typically -100.000, then results in the probabilities P ^ . The computer code

performing these simulations was checked for a system of identical detectors with

and without cross-talk with the results of equations 6.1 and 6.2, respectively, for
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M

Fig. 65 Dependence of the centroid <M> of the fold distribution on the y-ray multiplicity, calculated for the

system of 16 detectors.

Table 6.1 Results of the Monte Carlo calculations for the multiplicity filter consisting out of 16

detectors that was used in the experiment For each coincidence fold p the centroid <M>, the multi-

plicity values corresponding to full-width-at-half-maximum (M low and Mhigh) and the relative width

of the multiplicity distributions are given.

p

3

4

5

6

7

8

9

10

11

<M>

3.4

5.2

7.1

9.5

12.4

16.1

20.8

27.0

35.8

M tow

2.5

3.6

5.0

6.6

8.5

10.9

14.0

17.7

22.5

5.3

7.7

10.6

14.2

19.0

24.7

32.4

>40

>40

AM /«n
< M > ( % )

82

79

79

80

85

86

88

-

-
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Fig. 6.6 ProbabUity distributions PjJ for a p-fold coincidence as a function of the y-ray multiplicity M, calculat-

ed for the system of 16 non-identical detectors including cross-talk.

which an excellent agreement was obtained [Wit87].

The Monte-Carlo calculations require as input parameters the total detection

efficiencies for all detectors and the full matrix of efficiencies for Compton scatter-

ing between the detectors. The latter are obtained from a measurement of the coin-

cidence rates between two detectors i and j with a standard calibration source

(137Cs). Combined with the measured total and full energy peak efficiencies for

these detectors this coincidence rate can be separated into contributions caused by

scattering from detector i to j and vice versa. It is not needed to give all matrix ele-

ments fjj as input parameters separately since they are equal for a large number of

combinations. The total detection efficiencies must of course be corrected for the

contribution caused by scattering from other detectors in order to prevent a double

counting of this effect. The energy dependence of the total and cross-talk efficiencies

as well as angular correlation effects between the y-rays have been neglected in the

calculations. The calculated fold distributions for the system of 16 detectors used in

the experiment and y-cascades of multiplicity 5,10,20,30 and 40, respectively, are
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shown in fig. 6.4. The width of these, essentially gaussian, distributions and the

separation between them determines the multiplicity resolution of the detector sys-

tem. As can be seen from the figure the separation between the distributions

decreases at higher multiplicity reflecting a strongly non-linear relation between

multiplicity and coincidence fold. This dependence is shown in fig. 6.5. Due to the

large efficiency of the sum spectrometer segments it rises fastly at low y-ray multi-

plicity and gradually levels off at high multiplicity. The calculated probability dis-

tributions P]Ij£ for a p-fold coincidence as a function of y-ray multiplicity are shown

in fig. 6.6. Note that the trigger condition of p S 5 eliminates almost all events with

a low y-ray multiplicity. The reverse responses of fig. 6.6 directly indicate the y-ray

multiplicity distributions contributing to a particular coincidence fold and hence the

distribution selected by gating on this fold. As is evident from this figure the distri-

butions are strongly overlapping. The selected multiplicity region and correspond-

ing resolution for each value of the fold are given in table 6.1.

The division of the spectrometer into different detectors is of no importance

for the detection of the total energy released by y-ray emissions. Rather, the total

detection efficiency of the complete spectrometer determines the instrumental reso-

lution for this measurement. Consider a cascade of M y-rays each of the same

energy Ey. The efficiency to detect such a y-ray in the spectrometer is equal to Qc

and the average fraction of the energy deposited is equal to fc . The average energy

detected for this cascade of total energy E = MEy is given by [Sar80, Obl84]

Er (6.3)

and the width of the distribution by

aH = Ey yMf^Q^a-f^Q^. (6.4)

The term between brackets of equation 6.4 can be interpreted as a scaling factor

since it gives zero width for a perfect detector and a width approaching the statisti-

cal limit Ey-^MfpQp for small efficiencies. Since the distribution will have a gaus-

sian shape the probability P ^ H for the system of N detectors to observe a total

energy H for an input cascade of M, equal energy, y-rays with total energy E can be

defined as

E 1 [ (H - <H>)2 1 , , „rxpr^n- <6-5)
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The actual y cascades from a given entry state will show a spread in multiplicities

and y-ray energies and hence a width larger than predicted by the equal energy

approximation.

Table 6.2 Calculated values for the centroid <E>, the full-width-at-half-maximum (AE) and the rela-

tive width of the distributions in total Y-ray energy emitted by a cascade of 1 MeV ne y-rays and giv-

ing a tola! detected energy H. The values are obtained from equations 6.3 - 6.S with ftg, = 0.87 and

fn,-0.8.

H(MeV)

5

10

15

20

<E> (MeV)

7.0

14.2

21.4

28.6

AE(MeV)

4.1

5.9

7.2

8.3

AE
<E> ( % )

59

42

34

29

The total detection efficiency of the six sum spectrometer segments is equal

to fin = 0.65 and the average fraction of energy detected fc = 0.85. Since the reso-

lution is primarily determined by the total efficiency of the system the combined use

of six sum spectrometer segments and ten Nal detectors is again investigated. For

this combined system the total detection efficiency is Civ - 0.87, close to the values

obtained for a crystal ball! In fig. 6.7 the probability distributions P ^ are shown as

a function of total energy E for this system responding to cascades of 1 MeV y-rays.

Due to the assumption of cascades with equal energy y-rays there is a linear relation

between the detected and emitted total energy. This is, however, not the case in an

actual experiment caused by the spread in y-ray energies and multiplicities. Equa-

tions 6.3 - 6.5 can also be used to obtain the reverse responses shown in fig. 6.8.

These reverse responses yield the resolution with which y-cascades of a particular

total energy can be selected. The central moment, width and resolution obtained

from the distributions of fig. 6.8 are given in table 6.2. The resolution improves

with increasing total energy with an average value of approximately 35% for typical

cascades in a fusion-evaporation reaction.
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Summarizing : the spectrometer consisting ~ut of six sum spectrometer seg-

ments and ten Nal detectors can be used to select a number of multiplicity regions,

by gating on a particular coincidence fold, with a relative width of approximately

80%. Cascades with an arbitrary total y-decay energy can be selected with a resolu-

tion of approximately 35%. Although the same spectrometer is used to measure

both parameters they can be treated as independent since the detected energy frac-

tion is largely determined by the sum spectrometer whereas the selectivity for the

multiplicity is predominantly obtained from the ten Nal detectors.

6.3 Experimental results

6.3.1 Angular momentum dependence of the GDR

The angular momentum dependence of the GDR built on states populated in

the decay of the highly excited 156Dy compound nucleus can be studied in detail by

selection of different entry regions using the total multiplicity and/or sum energy of

the y-ray cascade. Such an analysis will be presented in this section. First consider

the spectrum of prompt high energy y-rays obtained with the experimental condition

for an accepted event of a coincidence with at least four sum spectrometer segments

and one small Nal detector. This spectrum is shown in fig. 6.9. The statistical y-

rays give rise to the exponentially decaying spectrum and superimposed on this

exponential spectrum is the enhancement due to y-decay of the GDR. The GDR

bump observed in the spectrum is remarkably broad, extending from 8 MeV up to

22 MeV. The detailed structure of this bump can be presented more clearly by mul-

tiplication of the spectrum with the function exp(Ey/Teff) in order to remove

approximately the effect of the level densities. The effective temperature Teff is

chosen as an average for the different decay steps in which the high energy y-rays

are emitted and does not represent the temperature for the exponentially decaying

spectrum of the statistical y-rays. The multiplied spectrum is shown in fig. 6.10. The

phenomenological relation for the GDR energy, obtained from ground state sys-

tematics (equation 1.2), predicts an energy of 14.7 MeV for an A = 155 nucleus, in

good agreement with the measured spectrum. Although one has to be careful to

draw conclusions on the resonance shape from the multiplied spectrum, as the shape

depends strongly on the temperature chosen, it is already evident that the spectrum

can not be reproduced with a simple single lorentzian. The increased width can very
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t

Fig. 6.9 Spectrum of prompt high energy frays measured in coincidence with at least four sum spectrometer

segments and one small Nal detector. The solid line shows the result of a fit to the experimental put of the spec-

trum between 5-8 MeV and is extrapolated to higher energies.

well be related to effects of deformation splitting.

The cross sections for population of the different final nuclei in the reaction,

extracted from the single spectrum measured with the Ge telescope, are listed in

table 6.3. The dominating channels are the xn channels, with x = 5-7, and the xnloc

channels, with x = 4-5. Remember that in the case of a high energy y-ray emission

the y-ray replaces 1-2 neutrons and the populated final nuclei will be shifted accord-

ingly. The population of a particular final nucleus is correlated with the initial angu-

lar momentum of the compound nucleus (c.f. fig. 1.2). The selection of a particular

range of y-ray multiplicities by a certain coincidence fold thus also selects between

these different final nuclei. However, this selection is hampered by the occurrence of

isomers in a number of final nuclei. To illustrate this the fold distributions gated on

the 149"152Dy final nuclei are shown in fig. 6.11. These are centered at almost the

same fold for 150~152Dy caused by missing in the prompt fold distribution of the

delayed transitions following the J™ = 49/2+ isomer in 151Dy and the 17+ isomer in
152Dy which counterbalance the difference in angular momentum for the entry
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Fig. 6.10 Total spectrum of prompt high energy f-rtyt multiplied with the exponential function exp(Ey/T(s),

with T,ff = 1.90 MeV. The GDR energy predicted by ground state systematict is indicated by the arrow.

regions corresponding to these final nuclei. The long lived isomers in the Gd nuclei

combined with the a-decay result in the suppression of these channels already by

the coincidence requirement set electronically.

Table 63 Measured cross sections for populating the different final nuclei in the reaction. The uncer-

tainties in the absolute values for the cross sections are of the order of 25%.

nucleus

14lDy
M9Dy

150Dy

iflrjy

152Dy

<r(mb)

45

135

200

115

25

nucleus

146Gd
M7Gd
14fGd

o(mb)

45

80

100
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on (a) 149Dy, (b) I30Dy. (c) 1!1Dy and (d) m D y final nuclei with the Ge telescope.

The prompt Y-ray multiplicity of the cascade feeding the 17+ isomer in 152Dy

has been accurately measured by Riezebos et al. using the 40Ar + 116Cd reaction

[Rie87] and by Holzmann et al. with the 36S + 120Sn and ^Se + 76Ge reactions

[H0I88]. The resulting measured average multiplicities were, respectively, M = 23,

22 and 26. The larger value in the latter case due to the much higher angular

momentum brought into the system by the 82Se projectiles. This y-ray multiplicity

was not separately measured in our experiment. The centroid of the fold distribution

gated on 152Dy (fig. 6.11) is <p> = 8.0. The value measured by Riezebos et al. can

he used for this coincidence fold, thus setting M = 23 to <p> = 8.

The prompt Ge spectra gated on four different bins in the fold distribution

are shown in fig. 6.12. The relative populations for the different final nuclei do not

vary much for the spectra gated on the three highest bins, as expected since the fold

distributions are similar for these final nuclei. The population of high spin states for

one of these final nuclei, however, is strongly enhanced by gating on a higher coin-

cidence fold. This can be seen by comparing the yield of the 37~- 36" transition in
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Flg. 6.12 Prompt Ge spectn gated on (a) coincidence folds S-6, (b) 7-8, (c) 9-10 and (d) 11-12 between the

sum jpectromeua- segments and the small Nil detectois. The peaks coiresponding to the 31/2""- 29/2* transition

in "»Dy (240 keV), the 2*- 0* transition in I50Dy (804 keV), the 37"- 36" transition in 130Dy (458 keV). the

51/2--49/2* transition in l51Dy (1005 keV) and the 23"- 21" transition in 1S2Dy (991 keV) are indicated in the

figure.
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Fig. 6.13 Prompt high energy y-ray spectra gated on (a) coincidence folds 5-6. (b) 7-8, (c) 9-10 and (d) 11-12

between the sum spectrometer and small Nal detectors. The exponential backgrounds were fitted between 6-8

MeV and extrapolated to higher energies. The insert shows the measured fold distribution.

150Dy with the 2+ -0+ transition in the same nucleus. This relative yield increases

from 9% for the spectrum gated on fold 9,11% for fold 10, 17% for fold 11 to 20%

for fold 12.

The prompt high energy y-ray spectra gated on the four different bins in the

coincidence fold distribution are shown in fig. 6.13. The intensity of the GDR bump

is enhanced at around Ey = 11 MeV when gated on a higher coincidence fold. Such a

change in the relative intensity of the GDR bump can be seen more clearly in the

spectra multiplied with the exponential function, shown in fig. 6.14. Different

effective temperatures are used in order to account for the varying excitation energy

relative to the yrast line for different angular momentum regions. Comparison of

these multiplied spectra clearly shows the increasing intensity in the region 10-12

MeV for higher coincidence fold. Furthermore, the GDR bump appears to be

broadened and more structured for higher coincidence fold. This can be a
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Fig. 6.14 Prompt high energy y-Tay spectra gated on (a) coincidence folds 5-6, (b) 7-8, (c) 9-10 and (d) 11-12

between the sum spectrometer and small Nal detectors and multiplied with the function exp(E,/T.ff) talcing T,B

= 1.95, 1.90,1.80 and 1.65 MeV, respectively. The GDR energy predicted by ground state systematics is indi-

cated by the arrows.



-130-

consequence of the fact that different angular momentum regions contribute to the

y-ray spectra for the same folds.

Although the occurrence of isomers in the final nuclei affects the prompt y-

ray multiplicity it does not affect the measurement of the y-ray sum energy because

of the integration times. The prompt Ge spectra gated on three different bins in the

sum energy spectrum are shown in fig. 6.15. This selection drastically changes the

relative contributions of the different final nuclei. The largest contribution to the

spectrum gated on low sum energy is from 149Dy. Both 150Dy and Dy dominate

the spectra gated on medium and high sum energy. The contribution of 152Dy is

strongly enhanced compared to 150-151Dy for the spectrum gated on high sum

energy. Also, the contribution of high spin states for one of these final nuclei is

favoured for larger sum energies. This is again illustrated by the relative yield of the

37~- 36" and 2 + - 0+ transitions in 150Dy which is 8% for the spectrum gated on

medium sum energy and 17% for the spectrum gated on high sum energy.

The prompt high energy y-ray spectra gated on these three bins in the sum

energy spectrum are shown in fig. 6,16. These spectra also show an increasing

intensity of the GDR bump around 11 MeV for higher sum energies. The shapes of

the GDR bump are more clearly seen in the spectra multiplied by the exponential

shown in fig. 6.17. The spectrum gated on low sum energy is in accordance with the

shape expected for a single lorentzian at the energy predicted by ground state sys-

ternatics. The width of the GDR bump is significantly increased for the spectra

gated on medium and high sum energy. Especially the spectrum gated on high sum

energy is most interesting showing an almost constant strength over the whole

region of 10-18 MeV. Such a GDR shape has never been seen before. Comparison

of the spectra gated on medium and high sum energy indicate a shift of the whole

GDR bump to lower y-ray energies with increasing sum energy.

A much better selection of different angular momentum regions is obtained

when the y-ray sum energy and multiplicity measurements are combined. For this

purpose the sum energy spectra were updated gated on each coincidence fold

separately and divided into two regions each. The 16 gates thus obtained in the 2-

dimensional plane of fold vs sum energy were reduced to 8 by combination into four

bins of coincidence fold 5-6, 7-8, 9-10 and 11-12, respectively. The high energy

spectrum gated on fold 5-6 and high sum energy is very similar to the spectrum
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Fig. 6.15 Prompt Ge spectra gated on (a) low, (b) medium and (c) high y-ray sum energy. The peaks

corresponding to the 31/2"-29/2+ transition in 149Dy (240 keV), the 2+-0* transition in IS0Dy (804 keV), the

37 - 36- transition in I50Dy (458 keV), the 51/2"- 49/2* transition in I51Dy (1005 keV) and the 23"- 21" transi-

tion in 152Dy (991 keV) are indicated in the figure.
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Fig. 6.16 Prompt high energy y-ray spectra gated on (a) low, (b) medium and (c) high fray sum energy. The

exponential backgrounds were fitted between 6-8 MeV and extrapolated to higher energies. The insert shows

the sum energy spectrum-

gated on fold 7-8 and low sum energy. Similar observations are made for the com-

binations of fold 7-8 high with 9-10 low and 9-10 high with 11-12 low. This is a

consequence of the isomers in the final nuclei. The different combinations of coin-

cidence fold and sum energy correspond to particular domains of the initial angular

momentum leading to different final nuclei. The eight spectra thus combine to five

different angular momentum regions. The y-ray multiplicities corresponding to

these regions were estimated from the Monte Carlo calculations of the multiplicity

response normalized to the experimental data point obtained from the fold distribu-

tion gated on 152Dy. To calculate the spin values for these regions an average spin of

1.5E per y-ray was taken. The prompt high energy y-ray spectra gated on low spin

(<J> = 32R), medium spin (<J> = 46H), high spin (<J> = 62h~) and very high spin

(<J> > 70E) are shown in fig. 6.18. The four spectra exhibit a clear angular
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Fig. 6.17 Prompt high energy y-ray spectra gated on (a) low, (b) medium and (c) high sum energy and multi-

plied with the function exp(E,,/T.ff) taking T,ff = 2.00, 1.90 and 1.80 MeV, respectively. The GDR energy

predicted by ground state systematics is indicated by the arrows.
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momentum dependence. The observed energy of the GDR bump is gradually shifted

to lower energy with increasing angular momentum. Such a systematic shift can

have different origins, e.g. a decrease of EGDR, a shape change from a prolate to an

oblate shape, an increase of the oblate deformation or an increase of the width. A

more quantitative discussion of the data will be given in section 6.4, based on a

comparison of the experimental results with statistical model calculations.

6.3.2 Searches for superdeformation

In the search for the GDR built on superdeformed states there are three pos-

sibilities available in the experiment to optimize the selection of decay via superde-

formed states. One of these is the selection on different entry regions, investigated in

the previous subsection. The results, shown in fig. 6.18, indeed give possible indi-

cations of superdeformation. With increasing angular momentum the development

of a small peak at Ey = 10-11 MeV and, although less clearly, another at 18 MeV is

observed. It is tempting to associate these peaks with the GDR built on superde-

formed states. A possible enhancement due to superdeformation can be further

investigated by using the additional two selection criteria. Such a further selection

is for example obtained by gating on the delayed transitions following the decay of

the J* = 17+ (T1/2 = 60 ns) isomer in 152Dy. Finally, the third option is to gate on

transitions belonging to superdeformed bands.

The total prompt Ge spectrum and the prompt Ge spectra obtained by gating

on three different bins in the spectrum of delayed transitions for the sum spectrome-

ter segments and small Nal detectors in the ranges 25 - 56 ns, 56 - 104 ns and 104 -

225 ns are shown in fig. 6.19. Apart from 152Dy the latter spectra also contain con-

tributions from 149Dy via the 47/2+ (T1/2 = 28 ns) isomer, 151Dy via the 49/2+ (T1/2 =

13 ns) and 41/2" (T1/2 = 6 ns) isomers but also from 150Dy which has no known iso-

mers with lifetime longer than 2 ns. The 150Dy contribution results from random

coincidences caused by neutron triggers. The relative yield of 152Dy to 151Dy

increases from 7%, 17% to 86% and for 152Dy to 150Dy from 21%, 47% to 93% for

the three time bins, respectively. Although not as selective as, for example, in the Sn

experiment the gating on delayed triggers strongly enhances the relative contribu-

tion of 152Dy.
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Fig. 6.18 ftompt high energy y-ray spectra gated on (a) coincidence folds 5-6 and high sum energy + folds 7-8

and low sum energy, (b) 7-8 high + 9-10 low, (c) 9-10 high + 11-12 low and (d) 11-12 high and multiplied

with the function e x p ^ / T ^ ) taking T.i = 1.95, 1.90, 1.80 and 1.65 MeV, respectively. The GDR energy

predicted by ground state systematics is indicated by the arrows. The solid lines in the figure show the results of

fits to the spectra with statistical model calculations using the computer code CASCADE.
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The ideal selection in order to search for a signature of superdeformation

would be on decay via the superdeformed band. This, however, requires the coin-

cidence between high energy y-rays and intraband transitions detected with high

resolution Ge detectors. Another possibility is to gate on the ridges in the 2-

, dimensional y-y correlation matrix. Such experiments may be feasible with large

arrays of Compton suppressed Ge detectors. The resolution of Nal detectors is nei-

ther sufficient to select on individual y-transitions nor on the ridges in the correlation

matrix. It is, however, possible to set a gate on the region of interest, i.e. 0.6 - 1.45

MeV in the spectrum taken with the Nal detectors.

The prompt high energy y-ray spectra updated with gates on four different

regions of angular momentum and additionally with gates on a delayed transition in

the range 25 - 225 ns and a prompt y-ray in the range 0.6 - 1.45 MeV are shown in

fig. 6.20. Compared to the spectra shown in fig. 6.18 the intensity of the low energy

bump around 1 0 - 1 1 MeV seems to be slightly enhanced. A quantitative com-

parison of the spectra updated under different conditions can be made by determin-

ing the relative yield in three energy domains, two of which were chosen such that

they include a possible enhancement due to superdeformation. The results are given

in table 6.4. This analysis does not give evidence for an enhancement of the y-ray

energy regions 10 - 11.5 MeV and 17.5 - 18.5 MeV which can be associated with a

GDR built on superdeformed states since the correlation with a delayed trigger and a

prompt y-ray within the energy region 0.6 - 1.45 MeV is the same as for the GDR

bump between 14-16 MeV.

To obtain evidence on the fast cooling into the superdeformed band one has

to lock at the population of this band gated on high energy y-rays. This can only be

done with an array of Compton suppressed Ge detectors. The transitions of this band

could not be found in the Ge spectrum gated on the optimal conditions of high sum

energy, high fold, a delayed trigger and a transition within the 0.6 -1.45 MeV range.

Alternatively one can look at the spectrum of quasi-continuum radiation measured

with the small Nal detectors. This part of the spectrum is, however, dominated by

collective structures originating from triaxial shapes, obscuring a measurement of

superdeformed transitions [Rie87]. Furthermore the spectra have to be carefully

unfolded with the detector response in order to observe such a subtle effect.
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Fig. 6.19 Total prompt Ge spectrum (a) and gated on bins in the time spectrum of delayed transitions for the

sum spectrometer and small Nal detectors in the range 25 - 56 ns (b), 56 -104 ns (cj and 104 - 225 ns (d). The

peaks corresponding to the 31/2"- 29/2* transition in 149Dy (240 keV), the T- 0* transition in IS0Dy (804 keV),

the 51/2"- 49/2+ transition in 151Dy (1005 keV) and the 23"- 21" transition in 152Dy (991 keV) are indicated in

the figure.
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Table 6.4 Gamma-ray yields in the range 10-11,5 MeV, 14-16 MeV and 17.5-18.5 MeV given as

function of angular momentum for the spectrum gated on coincidence fold and sum energy (column

1) and in addition on a delayed transition within the time range 25 - 225 ns and a prompt Y-ray within

the energy range 0.6 -1.45 MeV (column II) and the ratio of the yields (f). The yields were corrected

for the contribution of statistical y-rays by fitting the exponent between Ey = 6 - 8 MeV and extrapola-

tion to higher y-ray energies. This subtraction introduces an uncertainty of 5% in the yields for E^ =

10-11.5 MeV and 0.5% for 14 -16 MeV.

<J>

32Ff

46IT

62FT

>70h"

10

I

8653

10652

3594

571

-11.5 MeV

n

2427

3039

965

143

f

0.28

0.29

0.27

0.25

14

I

2450

2455

680

90

-16 MeV

n

634

697

192

27

f

0.26

0.28

0.28

0.30

17.5 -18.5 MeV

I

257

224

73

10

II

55

72

21

2

f

0.21

0.32

0.29

0.20

6.4 Discussion

In the previous section experimental y-ray spectra of the statistical y-decay of

the GDR built on highly excited states, populated in the Dy nuclei for selected angu-

lar momentum regions, were presented. These spectra show a systematic decrease

of the GDR strength to lower energy. A possible explanation for such a shift is a

rotation-induced change of the nuclear shape and/or deformation. For example,

nuclei at high temperature and spin are from theoretical (and also classical) argu-

ments expected to acquire an oblate deformation. The intensity of the low energy

component of the GDR built on an oblate state is twice as large as for the high

energy component. Furthermore, the effect of the nuclear level densities is to

enhance relatively the low energy component and to suppress the high energy com-

ponent. These combined effects can produce a shift of the GDR bump intensity in

the y-ray spectra to lower energies.

In order to investigate these qualitative features in more detail the measured

y-ray spectra were fitted with statistical model calculations using the extended ver-

sion of the statistical model code CASCADE [Plih77]. The calculated y-ray spectra



- 139-

NUMBER OF COUNTS * E X P ( E Y / T )

Fig. 6.20 Prompt high energy y-ray spectra gated on a delayed transition in the range 25 - 225 ns, a prompt y-ray

in the range 0.6 - 1.45 MeV and (a) low spin, (b) medium spin, (c) high spin and (d) very high spin and multi-

plied with the function exp^/Tad taking Tdr= 1.95, 1.90.1.80 and 1.65 MeV, respectively.
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were folded with the detector response function using the line shape parameters

obtained from the Monte Carlo calculations described in chapter IV. The procedure

for the fit was as follows : first the initial compound nuclear cross sections

<J(E*, J)foid for the experimentally measured angular momentum bins were calcu-

lated as function of angular momentum. These were obtained from the original

compound nuclear cross sections O"(E*. J)c l s c l d e , i.e. the cross sections calculated

with the program CASCADE taking a fusion cross section according to the sys-

tematics of Wilcke et al. [Wil80], by folding with a gaussian distribution Pfoid(J)

that accounts for the angular momentum distribution in a measured coincidence fold

a(E*, J)foid = a(E*. J)cascade PfoId(J).

The probability distributions PfoidCD were determined from the Monte Carlo calcula-

tions (fig. 6.6). They were normalized to the experimental data given by the fold

distribution for events leading to the final nucleus 152Dy. With these angular

momentum dependent initial cross sections the y-ray spectrum was calculated and

for each angular momentum bin the relative normalization RNORM, between the

calculated and experimental y-ray spectra, was determined from a fit to the experi-

mental spectrum in the range Ey = 2 - 8.5 MeV using the ^-minimization program

MDSfUIT [Jam75]. This part of the spectrum is rather independent of the GDR

parameters since it mainly stems from y-decay below the particle thresholds in the

residual nuclei. After determining the normalization factor RNORM, a x2-search on

the parameters of the splitted GDR was performed by fitting the calculated y-ray

spectra to the experimental data in the range from 8.5 to 25 MeV.

The number of free parameters necessary to describe the two-component

GDR strength function was limited to the four given below. The centroid energy of

the GDR was allowed to vary as well as the energy of the first component of the

GDR, which was assumed to be due to oscillations along the equal axes of the

deformed nucleus, i.e. the K=l component. The energy of the second component

(K=0) can be directly deduced from the centroid energy and the energy of the first

component assuming an axial symmetric deformed nucleus. The resonance widths

were assumed to depend on the resonance energies

rGDR = C EGDR

according to the systematics of the experimental data for the ground state GDR
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width as evaluated by Carlos et al. [Car74b]. The proportionality constant C was

treated as a free parameter. The sum rule fraction exhausted by the first component

was allowed to vary, whereas that of the second component was constrained to the

first component by assuming 100% exhaustion of the full sum rule.

The GDR parameters obtained from the fit to the experimental y-ray spec-

trum for <J> = 46h~ are :

Ej = 13.86 ± 0.07 MeV; E2 = 15.49 ± 0.08 MeV

1^ = 8.5 ± 0.2 MeV; r2 = 10.7 ±0.3 MeV

Sj= 0.68 ±0.01; S2 = 0.32 ±0.01

The errors correspond to the statistical errors as seen by MINUIT. This fit, with a

normalized x2 of 1.4, reproduced well the experimental y-ray spectrum in the entire

energy region 2 -20 MeV for which the y-ray intensity decreases over six orders of

magnitude. The result of the fit is in fig. 6.18 (b) compared to the experimental

data multiplied with the exponential function. The strength ratio between the two

components (Sj/Sj = 0.47) clearly indicates an oblate deformation at these angular

momenta. The deformation parameter can be deduced from the energies of the two

components according to [Dan58]:

d = 1.098 (Ej/Ei-0.089),

and the axis ratio d is related to the deformation parameter P by

The fitted GDR energies yield a deformation parameter P = -0.13. The centroid of

the GDR resonance is located at 14.4 MeV. This value is in nice agreement with the

energy predicted by the systematics of the ground state resonance.

The GDR parameters obtained from the fit to the experimental y-ray spec-

trum for <J> = 62h" are :

Ej = 13.45 ± 0.08 MeV; Ej = 17.07 + 0.10 MeV

I*! = 8.5 ± 0.3 MeV; T2 = 13.7 ± 0.5 MeV

S 1 = 0.67 ±0.01; S2 = 0.33 ±0.01

The result of this fit, with a normalized %2 of 0.9, is in fig. 6.18 (c) compared to the

experimental data. The strength ratio (S2/$i = 0.49) is also for this angular
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momentum region indicative of oblate deformation. Due to the rotation, however,

the deformation is increased. The energies obtained from the fit yield a deformation

parameter (3 = -0.28. The increase of the deformation does not effect the centroid of

the GDR, which is located at 14.6 MeV for this spectrum.

The fit procedure was also started for the spectrum corresponding to angular

momentum <J> = 321T. These fits take about 200 CPU hours on a VAX/8300 each.

For this reason only an intermediate fit result can be given for this spectrum. This

intermediate result, compared to the experimental data in fig 6.18 (a), already

nicely reproduces the experimental spectrum. By taking the GDR energies and

widths determined from the fit to the spectrum for <J> = 46h" and varying the sum

rule strength in the two components a fit with normalized x2 of 1.2 was obtained.

The resulting sum rule fractions, Sj = 0.29 and S2 = 0.71, indicate a prolate shape

(S2/Si = 2.5) for this region of angular momentum. Fits with a strength ratio in

accordance with oblate deformation could not produce a normalized %2 °f better

than 3 for these resonance energies and widths.

6.5 Concluding remarks and outlook

The high energy y-ray spectrum emitted in the reaction
U6Cd(40Ar, xn)156~xDy was studied in detail at a beam energy of 205 MeV. The

total sum energy and multiplicity of the y-ray cascade were measured with a set-up

consisting of a six segment sum spectrometer and ten Nal detectors. With the com-

bined information from these two quantities y-ray spectra corresponding to four

different regions in angular momentum of the compound nuclei have been selected.

These detectors were also used to detect the delayed transitions following isomeric

decay and to measure the spectrum of prompt low energy y-rays. The effect of selec-

tions on either of these quantities was inspected by investigation of the discrete y-

ray spectrum measured with a Compton suppressed Ge telescope.

A systematic shift of the observed energy of the GDR bump was seen in the

measured y-ray spectra as a function of angular momentum in the range <J> = 30 -

70h~. This shift is much larger than can be expected from effects of a variation in the

nuclear temperature with spin or the coriolis splitting of the GDR caused by cou-

pling of the giant dipole vibration to the rotation. The dominating effect for this shift

appears to be a rotation-induced change in the nuclear shape from prolate to oblate
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deformation. From theoretical arguments it is expected that nuclei at high excitation

energy and large angular momentum obtain an oblate shape. This interpretation is

quantitatively confirmed by fitting three of the measured y-ray spectra with statisti-

cal model calculations. The calculated spectra are in good agreement with the

measured y-ray spectra. Whereas the fit to the y-ray spectrum for <J> = 32h~ indi-

cates prolate deformation with a strength ratio between the two components of the

GDR S2/Sj = 2.5, the fit to the spectra for <J> = 46h" and <J> = 62E indicate oblate

deformation with strength ratios S2/Sj = 0.47 and 0.49, respectively. The deforma-

tion parameter has been deduced from the ratio between the energies of the two

components. It was found that the deformation increased with angular momentum,

giving P = -0.13 at <J> = 46K and P = -0.28 at <J> = 62E.

Possible indications for the GDR built on a superdeformed shape were found

in the measured y-ray spectra in terms of small peaks at E^ = 10-11 MeV and Ey =

18 MeV, enhanced with increasing angular momentum. This interpretation was

further investigated by inspection of the correlation of these enhancements with the

decay of the J* = 17+ isomer in 152Dy and with prompt y-rays within the energy

region 0.6-1.45 MeV, thus improving the sensitivity of superdeformed states. From

this analysis no unequivocal evidence was found that part of the intensity in these

y-ray energy regions is due to the GDR built on superdeformed states.

A future experiment looking for the signature of superdeformation in the

GDR bump will have to improve on either or all of the selections used, i.e. entry

region, delayed trigger or decay via superdeformed states. A different selection on

entry region, significantly increasing the yield at very high angular momenta, is to

gate on fission residues. In such an experiment the y-rays emitted prior to fission

will be investigated. Another improvement can be made by reducing the number of

random coincidences in the coincidence spectra with delayed transitions. These ran-

dom coincidences are caused by detection of neutrons and can be reduced by using a

separate catcher foil. The recoiling compound nuclei are then allowed to escape

from the target and drift onto the catcher foil, placed down-stream of the target,

where they are stopped. The delayed transitions detected with detectors placed

around this foil, and shielded from the target, give a much cleaner selection in this

case.
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Certainly the most interesting experiment would be to measure the high

energy y-rays in coincidence with discrete transitions measured with a large array of

Compton suppressed Ge detectors. This allows a gate setting on the individual y-

transitions of the superdeformed band in an attempt to observe the predicted feeding

of this band by the low energy component of the GDR. A development increasing

the feasibility of such an experiment is the use of Ge detectors with BGO "Compton

suppression shields" in coincidence mode as total high energy y-ray detectors

[Gaa87]. Most of the energy of the incident high energy y-ray is deposited in the

central Ge detector, where it is detected with very high resolution, and the energy

that escapes from this crystal is detected with the BGO shield. The overall resolu-

tion of this combined system is quite good. Such a technique makes it possible to

measure coincidences between high energy y-rays and discrete transitions with an

efficiency comparable to the usual y-y coincidence efficiencies.

An alternative and very promising case for the study of the GDR built on

superdeformed states are the 133~137Nd nuclei. Recently rotational bands were found

in these nuclei corresponding to deformations with a major-to-minor axis ratio of

3:2 [Bec87a, Bec87b, Wad87]. In contrast to the heavier nuclei where superde-

formed shapes were found only for 152Dy, superdeformed shapes were found in all

of these light Nd isotopes. A further advantage in this sence is the much larger

decay intensity located in these bands, which is - 10% for 135>137Nd and even as

large as 20% for 133Nd. These make the conditions very favourable for the study of

the GDR built on superdeformed states and for the investigation of the possible role

played by the low energy component of the GDR in the feeding of the superde-

formed rotational bands.
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Samenvatting

Reuzenresonanties zijn vibraties van de atoomkern met een kleine uitwijking

en een hoge frequentie (~ 1021 Hz), waarbij de nucleonen coherent oscilleren en de

beweging een eenvoudig patroon volgt. Macroscopisch kunnen deze vibraties wor-

den beschreven met behulp van het vloeistofdruppel model voor de kern. In termen

van dit model bestaat een kern uit verschillende vloeistoffen : neutronen, protonen,

deeltjes met spin omhoog en deeltjes met spin omlaag waardoor de kern een rijk

spectrum van grondtonen bezit. Een van deze grondtonen is de zgn. isovector

dipool reuzenresonantie. In dit geval oscilleren alle protonen (de 'proton vloeistof')

in tegengestelde fase met alle neutronen (de 'neutron vloeistof).

In de afgelopen decennia zijn veel experimentele gegevens verkregen over

de dipool reuzenresonantie die is gesuperponeerd op de grondtoestand van een kern.

In deze experimenten werd deze resonantie aangeslagen met de absorptie van reële

of virtuele fotonen. Zo'n dipool reuzenresonantie blijkt voor te komen in alle bestu-

deerde kernen van helium tot uranium.

Een dipool reuzenresonantie kan niet alleen op de grondtoestand maar ook

op een aangeslagen toestand gesuperponeerd zijn. Dat dit voorkomt is recentelijk

aangetoond door het meten van het spectrum van hoog-energetische gamma straling,

die wordt uitgezonden tijdens een zgn. fusie-verdampings reactie. De dipool

reuzenresonantie veroorzaakt een karakteristieke verhoging van de intensiteit van

het uitgezonden gamma spectrum in het energie gebied tussen 10 - 20 MeV. Deze

gamma straling blijkt direct na de vorming van de samengestelde kern te worden

uitgezonden, terwijl de gamma straling met energie < 10 MeV pas wordt uitgezon-

den na het optreden van deeltjes emissie. Dit maakt het mogelijk de kerastruktuur te

bestuderen in een gebied van grote excitatie energieën en impulsmomenten dat voor

andere kernfysische meetmethoden nog niet toegangelijk was.

In dit proefschrift wordt een experimenteel onderzoek beschreven aan dipool

reuzenresonanties die gesuperponeerd zijn op aangeslagen toestanden van Sn en Dy

kernen. De metingen zijn gedaan voor twee zeer uiteenlopende gebieden van excita-

tie energie en impulsmoment. In n 4 Sn is het exclusieve verval van de dipool

reuzenresonantie via de J™ = 7" isomere toestand (E = 3.1 MeV) bestudeerd met het
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doel informatie over de verandering in de niveaudichtheid te verkrijgen. Het onder-

zoek aan het verval van de dipool reuzenresonantie in Dy kernen werd uitgevoerd

om de verandering van de kernstruktuur, in het bijzonder de deformatie van de ker-

nen, bij toenemende excitatie energie en impulsmoment te bestuderen.

In hoofdstuk I wordt een algemene inleiding gegeven. Vervolgens wordt in

hoofdstuk n een theoretische beschrijving gegeven van het reactie mechanisme bij

de gebruikte fusie-verdampingsreacties. Bijzondere aandacht wordt hierbij besteed

aan het formalisme voor het gamma verval van de dipool reuzenresonantie.

De experimenten zijn uitgevoerd met bundels a-deeltjes uit het cyclotron

van de Vrije Universiteit te Amsterdam en bundels 40Ar-ionen uit het cyclotron van

het Kernfysisch Versneller Instituut (KVI) te Groningen. De technieken die bij deze

experimenten zijn gebruikt voor de detectie van de gamma straling staan beschreven

in de hoofdstukken III en IV. In hoodstuk UI worden tevens de faciliteiten en de

programmatuur voor data-acquisitie en data verwerking beschreven. De detectoren

die zijn gebruikt voor de detectie van hoog-energetische gamma straling worden in

hoofdstuk IV beschreven. De eigenschappen van deze detectoren zijn bepaald door

een combinatie van metingen met radioactieve bronnen en kernreacties en Monte

Carlo computer berekeningen.

De metingen aan de dipool reuzenresonantie die is gesuperponeerd op

aangeslagen toestanden in 114Sn zijn beschreven in hoofdstuk V. Door gebruik te

maken van de vertraagde overgangen die volgen op het verval van de J* = T

isomere toestand in 114Sn en de J11 = ll/2~ isomere toestand in 113Sn konden de

gamma spectra behorend bij de reacties n 0Cd(a, y)114Sn en n 0 Cd(a , ny)n3Sn goed

worden waargenomen. Deze gamma spectra konden op deze wijze praktisch vol-

ledig gescheiden worden van de gamma straling uitgezonden bij de dominante
l l oCd(a, 2ny)112Sn reacties. De gedetailleerde vorm van beide spectra is zeer

gevoelig voor de niveaudichtheden in 113Sn en 114Sn. Deze gevoeligheid is gebruikt

om de niveaudichtheidsparameters voor deze kernen te bepalen. Hiertoe werden de

gemeten spectra vergeleken met theoretische berekeningen die zijn uitgevoerd bij

verschillende waarden voor deze parameters. Zo konden ook de energie, de breedte

en de sterkte van de optredende dipool rcuzenresonanties bepaald worden.

In een axiaal symmetrisch gedeformeerde kern wordt de dipool reuzen-

resonantie gesplitst in twee componenten, die corresponderen met een vibratie
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parallel of loodrecht op de deformatie as. Deze eigenschap werd in dit proefschrift

onderzocht voor de gedeformeerde kernen 152~156Dy. Recentelijk werd voor 152Dy

het verschijnsel van superdeformatie waargenomen : bij zeer hoge impulsmomenten

verhouden de lengtes van de assen van deze gedeformeerde kernen zich als 2:1. Uit

de gemeten spectra, die in hoofdstuk VI worden gepresenteerd, volgt dat bij een

toenemend impulsmoment van J = 30h~ - J = 7OPF de waargenomen dipool reuzen-

resonantie in het spectrum verschuift naar lagere energie. Deze verschuiving kon

worden verklaard door een verandering van de deformatie van prolaat naar oblaat bij

hoge excitatie energie en impulsmoment. Als gevolg van het grote impulsmoment

treedt een vormverandering van prolaat naar oblaat op bij een toenemend impulsmo-

ment van <J> ~ 32E tot <J> = 46h~. Een verdere toename van het impulsmoment van

<J> ~ 46iï tot <J> = 62h~ geeft een vergroting van de oblate deformatie van ß = -0.13

naar ß = -0.28.

Zo werd er in dit werk ook een aanwijzing gevonden voor het optreden van

superdeformatie in Dy kernen. Voor verdergaande conclusies moeten meer exper-

imenten worden uitgevoerd. In §6.5 worden enkele suggesties gedaan.



Stellingen behorende bij het proefschrift

"Study of the giant dipole resonance built on

highly excited states in Sn and Dy nuclei",

A. Stolk

1. Met een (a, 4n) reactie kunnen de supergedeformeerde aangeslagen toestan-

den van 152Dy niet bestudeerd worden.
J. Styczen et al., Z.Pkys. A327 (1987)481

2. De quotiënten van de inhoud van de fotopiek en van de inhoud van het

gehele wel of niet onderdrukte spectrum geven een betere indruk van de

prestaties van een Compton onderdrukkingssysteem dan de gebruikelijke

onderdrukkingsfactor.

3. De stralingsschade die bij PIXE (Particle Induced X-ray Emission) analyse

van vele biologische monsters ontstaat, kan de te behalen meetnauwkeurig-

heid sterk beperken.
T.B. Johansson et al., An. Chem. 47 (1975) 855
W.J.M. Lenglet, proefschrift Vrije Universiteit (1988)

4. Het is voorbarig om uit (a, a f) experimenten conclusies te trekken over de

excitatie van reuzenresonanties zolang de waarschijnlijkheid voor splijting

als functie van de excitatie energie niet goed beschreven is.
H.P. Moisch et al., Pkys. Lett. 119B (1982) 315

5. Op grond van theoretische berekeningen zijn de lichte Pb kernen goede kan-

didaten voor de bestudering van superdeformatie, omdat de schilleneffecten

in deze kernen groot zijn. De kans dat de supergedeformeerde rotatiebanden

in fusie-verdampingsreacties kunnen worden waargenomen is echter zeer

klein gezien de waarschijnlijkheid voor splijting van de samengestelde kern-

en.
S. Âberg, Phys. Scr. 25 (1982) 23

RJ. Tanner et al., Annual report S.E.R.C. Daresbury laboratory (1987)



6. De (12C, 12N) ladingsuitwisselingsreactie is minder geschikt om de Gamow-

Teller sterkte te localiseren aangezien de sterkte van de 12N -> 12C + ß + v

overgang gereduceerd is t.o.v. een een-deeltjes overgang.
H.G. Bohlen et al., Verhandlungen der deutschen physikalischen gcsellschafl, maart 1988

p.71

7. Het optreden van "supergeleiding bij hoge temperatuur" is in atoomkernen

een normaal verschijnsel.

8. De fraudegevoeligheid van documenten als paspoorten en giromaatpassen is

drastisch te verkleinen door door middel van ingebouwde intelligentie deze

documenten in staat te stellen hun code dynamisch te veranderen.

9. Het leasen van de modernste zogenaamde supercomputer voor een periode

langer dan ongeveer vier jaar is een contradictio in terminis.

A.Stolk

(24 mei 1988)


