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C H A P T E R

INTRODUCTION

The objective of the nuclear spectroscopist is to obtain

experimental information about properties of atomic nuclei. The

predictions of different nuclear models are compared with the

experimental data, and the results of such comparisons may lead

to a deeper understanding of the nuclear structure. In this

introduction the choice of the subject of this thesis will be

discussed briefly in view of some existing nuclear models, and

some relevant features of the mechanisms of the nuclear reactions

which are used to excite levels in atomic nuclei will be discussed.

1-1 COLLECTIVE AND SINGLE PARTICLE ASPECTS OF

NUCLEAR EXCITATIONS.

One may divide the nuclear models which are developed to

explain the properties of atomic nuclei roughly into two types.

Microscopic or single particle models account for the properties

of nuclei in terms of interactions between individual nucleons.

These models are generally applied to light nuclei ( A < 70 ) and

to medium mass and heavy nuclei with proton and/or neutron numbers

in the vicinity of the magic numbers given by the nuclear shell ,

model. Macroscopic or collective models interpret nuclear „X •

properties in a phenomenological way in terms of collective ;",

parameters related to the nucleus as a whole. These types of '-

nuclear models have been very successful in describing

collective nuclear excitations in medium mass and heavy nuclei

with two open shells. <



The microscopic footing of macroscopic models is subject to

many current theoretical investigations (jJCum 79; Ari 80; Scl 80;

Akk 81; Mos 8l] and references therein ). Experimental information

on properties of nuclei which display both collective and single

particle excitations and the different phenomena resulting from

their interplay is of primary interest for the interpretation of

the results of those theoretical investigations.

In this thesis the results of in-beam y-ray spectroscopie

studies on properties of intermediate high { J< 20 n ) spin states
118 120 19B

in the nuclei ' Te and Pb will be piesented. These nuclei

have 52 protons ( i.e. two protons above the closed Z = 50 proton

shell ) and 82 protons ( a closed proton shell ), respectively.

The proximity of the closed proton shell suggests that a

spherical basis is most appropriate for the description of the

low spin states even Te nuclei. Interpretation of the low lying

excited states in the light even Te isotopes in terms of a

macroscopic ( vibrational ) model explains the very regular level

pattern which is experimentally observed. The presence of the

Ig7/O and lh
11/ shell model orbits in the major shells of protons

and neutrons may give rise to quasiparticle excitations with
7T +

J < 10 at excitation energies where collective excitations

leading to the same spin would be expected if one extends the

macroscopic description of the ( collective ) low spin states.

Neutron 2-quasiparticle states have been observed and interpreted

in terms of a one broken pair model in even Sn isotopes ( cf. e.g.

[bun 76; Bro 79; Poe 80~]). The systematic trend in quasiparticle

excitations with dominant neutron configurations in even Te

nuclei should resemble that observed in the even mass Sn nuclei.

In the even mass Pb nuclei, with a closed proton shell,

similar quasiparticle excitations may be expected, based on rather

pure neutron configurations. J = 10 ,12 states at moderate

excitation energies could result from the complete alignment of



two li / neutron quasipartides, and J = 18 ,20 from the
13

complete alignment of four li / neutron quasiparticles.

In addition to experimental and theoretical evidence for

the observation of quasiparticle excitations, there is evidence

for the observation of low lying shell model intruder states in

nuclei near the closed Z = 50 and Z = 82 proton shells.

Bron et al. [bro 77] and van Poelgeest [Poe 78] established in the

even Sn isotopes low lying AJ = 2 band structures with properties

resembling those of the collective ground state bands in

transitional, moderately deformed nuclei. The J = 0 band heads

have been associated with proton particle hole excitations through

the Z = 50 shell. Potential energy calculations pHey 78] indicate

that the energy of these shell model intruder states decreases

remarkably for a moderately deformed potential. The softness of

the Z = 50 core in the case that one proton is promoted to the

next major shell is exhibited also in the spectra of neutron

mid-shell, odd 4^In [pie 75], and Asb [Fro 75; Bro 77] nuclei,

and the doubly odd ,.Sb [Nes 82,1; Mal 82] isotopes. It is of

interest in view of these phenomena to search for similar proton

excitations ( 4p-2h ) In even Te nuclei with neutron numbers near

the mid-shell N = 64 configuration. It should be noted here that

shape transitions have been observed by Simon at al. [Sim 79j at
118

very high spin < quasi-continuum ) states in Te.

The experimental spectra of ( doubly ) odd Tl isotopes

( Z = 81 ) [kre 80; Kre 8l] exhibit properties which can be

described very well as collective, rotational bands based on

intruder proton particle hole excitations jjTok 79] . Other

collective phenomena in this mass region are displayed in the

spectra of the neutron deficient Hg ( Z = 80 ) isotopes.

A multitude of experimental data [Pro 74; Ham 75; Col 76; Bou 76;

Col 77] indicates the coexistence of two ( collective ) bands, one

built on a slightly oblate, the other on a prolate deformed state.



A description of the band head of the prolate band as resulting

from the promotion of two protons through the Z = 82 closed proton

shell ( 2p-4h excitation ) is proposed by Duvall and Barret

[Duv 8Ï] and by Wood [Woo 8l] .

In the very neutron deficient ( A < 190 ) Pb isotopes a

spherical-prolate shape transition is predicted at relatively low

excitation energy [May "J » as the counterpart of the above

mentioned oblate-prolate transition in light Hg nuclei. A

signature of collective excitations which result from this shape

transition might be present at higher excitation energies also in

the heavier Pb isotopes with mass 194 and 196.

The experimental study of intermediate high spin states in

even Te nuclei with mass A = 118,120 and in even Pb nuclei with

mass A = 194,196 might supply information on rather pure quasi-

particle states ( and their interplay with collective vibrational

states (Te)), and on the coexistence or interplay of quasiparticle

states with deformed, shell model intruder states and the

collective motion resulting from this deformation. An extensive

description of the experimental results on high spin states in
194,

Pb can be found in [Nes 82J.

1-2 THE POPULATION AND DEEXCITATION OF HIGH

SPIN STATES.

The study of nuclei at high angular momentum is as yet

possible only via the y-radiation following fusion evaporation

type reactions ( H.I., xnypzoty ) or via Coulomb excitation using

heavy ion reactions ( e.g. J = 30 in U + Pb [fch 8lj ,

J^x = 51/2~ in
 2 3 5U + 208Pb [Sim &cf]). The type of interaction

between the projectile and target nucleus is determined by the

relative kinetic energy and the impact parameter. At bombarding

energies below the Coulomb barrier Coulomb excitation dominates,



while no particle transfer between projectile and target nucleus

will take place. At projectile energies above the Coulomb barrier

Coulomb force and nuclear forces work. One of the possible

reactions is the complete fusion of projectile and target nucleus.

An account of the different types of collisions and reactions is

given by Kaufman and Wolfgang [Kau 6Ï] . A survey of the state of

the art and limits of the complete fusion cross section set by

e.g. the incomplete fusion process can be found in |~Die 81;

Gob 81; Sco 8l] .

The maximum angular momentum which can be transfered to the

compound system in the case of complete fusion of projectile and

target nucleus, depends on the dynamics of the interaction, and

thus on the bombarding energy and projectile and target mass.

A simple semi-classical estimate |~Gal 74] for this maximum angular

momentum yields e.g. J ~ 16 "n for 33 MeV He on Sn,
m a x 12 188

J = 37 "h for 74 MeV C on Os, and J ~ 55 "h for 95 MeV
lS!X 188nC on Os.

The maximum angular momentum which can be carried by the

compound system is determined mainly by its stability against

fission. An estimate for this critical J is given e.g. by the

liquid drop model [boh 74] yielding J ~ 65 "n for Ax 120 and

J . a 50 t for As 200.
crit

The deexcitation of the compound nucleus can proceed by

emission of neutrons and/or charged particles, or by fission.

When neutron evaporation dominates, ( H.I.,xny ) reactions lead

to high spin y-ray emitting states, since the neutrons carry, due

to the centrifugal barrier, a low angular momentum. An

illustration of this decay process is given by the statistical
188 12

model calculation for the reaction Os + 95 MeV C,
represented in fig. I.I ( Grogi2, cf.j^Gro 67; Gil 7<f[).

200
The angular momentum distribution of the compound system Pb is

given in the top of this figure. Starting from this initial

( E ,J ) distribution the ( E ,J ) distribution of a residual
exc exc
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Fig. 1-1 Statistical model

calculation (Grogi2) for the

decay of the compound system

PPb, formed in the reaction
1 RR 1 2

0s+ C, at Ei2„ = 95 MeV.

The contours indicate 10% and

90% of the maximum population

probability for each step in

the neutron evaporation. At

the top the calculated initial

population of the compound

nucleus is shown. Only the

levels with J £ 37 1i are in-

cluded in the first step of

the calculation (see text). At

the bottom the projections of

the entry populations of

\-decaying final nuclei on the

angular momentum axis are

given.

nucleus resulting from the evaporation of a neutron, a proton or

an a-particle is calculated. The calculation is repeated for the

daughter nuclei obtained via neutron emission, until the point in

the (E ,J) plane is reached where not enough energy is
0XC

available for the emission of another particle. The resulting

angular momentum and excitation energy ( the entry point ) is

carried off by y-rays. The cross section for the production of

y-ray emitting nuclei is given as a function of J in the lowest

part of fig. I.I. The measurements of the spectra and the angular

distributions of evaporated neutrons ( cf. e.g. [] Fie 32; Hag 8l]

and references therein)firmly establish the assumptions of the

statistical model.



The shape of the spectra of the emitted gamma-rays is known I

to depend strongly on the position of the entry point. If this

point is located far above the yrast line ( determined by the

maximum angular momentum the system can carry at a certain

excitation energy ), the supposed high level density will result

in a predominantly statistical y-decay process and consequently

in a statistical y-ray distribution. When the level density

decreases ( i.e. close to the yrast line ), details of the nuclear

structure v/ill become observable in the shape of the gamma-ray

spectra. Finally, some levels are populated so strongly that the

deexciting y-rays are represented by sharp peaks superimposed on

the continuous background in the gamma-ray spectra. The different

components of the y-ray distribution are firmly established in

many experiments ( cf. e.g. [Dia 76; Sim 79; Voi 79; Eji 8l],

and a theoretical description by Liotta and Sorensen [hio 78]).

As is indicated in the top of fig. I.I , only a part of the f

calculated cross section for compound nucleus formation is used

in the evaporation calculation. The reactions leading to a

system with angular momentum J> 37 "h are neglected. This is

justified since the fission barrier decreases with increasing

angular momentum, and the cross section for incomplete fusion

increases with increasing angular momentum. Fission and incomplete

fusion may thus set an upper limit to the angular momentum for

which nuclear structure can be studied by gamma spectroscopie

techniques for a specific system of projectile and target nuclei.

Recent studies about fission imposed limits to the angular

momentum carried by evaporation residues of the compound nucleus 'v

Pb [Lei 82; New 8l] reveal e.g. that for this system the '»

maximum angular momentum for which y-ray studies can be performed '

is about 37 1l , which is considerably lower than the value of

J .. ~ 50 "n, obtained from the liquid drop model,
crit



1-3 CONTENTS OF THIS THESIS.

In this thesis the results of an extensive experimental study
118 120 196

of the nuclei ' Te and Pb by means of in-beam gamma and

electron spectroscopie methods are presented. In Chapter II a

survey is given of the experimental methods applied to obtain

information on properties of excited states of these nuclei. Only

those states are considered which are populated strongly enough in

the decay of the compound nucleus to observe their subsequent decay

by the emission of a y~ray o r a conversion electron as sharp peaks

in the gamma and electron spectra ( Discrete line gamma and

electron spectroscopy ).

How nuclear structure studies on states accessible with the

methods described in Chapter II can benefit from the simultaneous

measurement of the total energy of the y-cascade connecting the

entry point and the relevant excited state will be discussed

briefly in Chapter III. The design and the performance of the six

detector Nal(Tl) sumspectrometer with which these measurements are

carried out is described also in this Chapter III.

Since the Nal(Tl) sumspectrometer is sensitive not only to

gamma-rays but also to neutrons which are inevitably present in

( H.I.,xny ) reactions, we describe in Chapter IV the experimental

determination of the response of large Nal(Tl) detectors to neutrons

with energies 0.7< E < 13 MeV. Moreover procedures will be presented
n

to correct the measured total spectra for the contributions of

neutrons.

The Chapters V and VI are devoted to the description of the

measurements on ' Te and Pb, and a discussion of the

experimental results in terms of nuclear models ( IBA and broken

pair model ) will be presented.

An English and a Dutch summary containing the most relevant

conclusions is given in Chapter VII.



C H A P T E R II

EXPERIMENTAL METHODS(I)

DISCRETE LINE GAMMA AND ELECTRON SPECTROSCOPY.

I I - I INTRODUCTION.

The experimental methods applied in th i s study to obtain

detai led information on the properties of excited s ta tes in the
118 120 3 94 196

nuclei ' Te and " ' Pb are a l l based on the production of

these isotopes via (F.I.,xnY) reactions. From the properties of

y-rays giving r i s e to discrete peaks in the spectra we have

determined the exc i tat ion energies of the excited s ta t e s and spins

and par i t i e s were assigned to these s t a t e s . For the l a t t e r we

also used the resu l t s of the measurement of the re la t ive

probability for the internal conversion process.

The experiments were performed with a beams from the AVF

cyclotron of the "Vrije Universite i t" in Amsterdam (E = 33 MeV)
£2 a,max

and with C beams from the AVF cyclotron of the "Kernfysisch

Versneller Instituut" (KVI) in Groningen (E 12-, = 200 MeV).In this chapter, a brief review is given of the experimental

methods applied in this study to measure excitation functions,

Y-y-coincidences, Y~rav angular distributions, linear polarizations

and conversion coefficients of the y-rays and half-lives of the

excited states. Extensive descriptions of details of the

experimental set-ups can be found in [Kam 76; Ket 77; Bro 78;

Poe 78].

t We thank the •eabers of the cyclotron staffs of VU and KVI for their technical assistance

and the preparation of the beaas.
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II-2 THE EXPERIMENTAL EQUIPMENT.

Gamma and electron detectors; data acquisition

systems.

The high resolution spectroscopy of Y~rays and conversion

electrons deexciting excited states of nuclei produced via (u>xnY)
12

or ( C.xny) reactions is performed with very high purity
+12

(less then 10 impurities per Mol) Germanium detectors and with

Li drifted Germanium diodes (for y-rays), and with cooled, thin,

Li drifted Si detectors (for X-rays and electrons). Various Ge

detectors, in size ranging from 0.36 cc to 100 cc were used to

detect Y-rays in the energy region from 20 keV up to 2 MeV.

Under experimental conditions energy resolutions between 1.9 and

2.5 keV FWHM were obtained at 1.33 MeV with the larger Ge(Li)

detectors, using standard electronic equipment for the signal

processing.

The data acquisition system used for the experiments at the

VU consisted of a ND 50/50 system coupled to a PDP 8/L computer

and mass storage facilities of a HP 3000 computer (simulated disk

and tape units). For the experiments at KVI the Tennelec PACE system

and CAMAC based systems were used in connection with a PDP 15

computer. Extensive descriptions of the detectors, data acquisition

systems and data acquisition programs can also be found in j Kam 76;

Bro 78; Poe 783 and in E G r o 78-81] .

The off-line analysis of the data was performed with the

HP 3000 computer of the VU and the CDC cyber 170-750 computers of

the Stichting Academisch Rekencentrum Amsterdam (SARA). The

analysis of the complex y-ray and electron spectra was performed

with the peak search and peak fitting routine FITSPEC3, based on

the program POESPAS described in £B1O 75^ .
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The measurements of y-ray energies, excitation functions

and Y-Y-At coincidences supplied the necessary

experimental information for the construction of level schemes.

As is discussed in chapter I, the population of an excited state

is determined by the position of the entry region in the plai.e

spanned by excitation energy and angular momentum (J,E plane), and

tbe energy and spin of the excited state. The position of the entry

region depends on its turn on the projectile energy for a certain

target-projectile combination. Measurement of the intensity

of the Y~r&y5 as a function of the projectile energy therefore

supplies information on the loci of the deexcited states.

These excitation functions are used for the assignment of

Y-rays to a specific final nucleus, they support the placement

of transitions in level schemes and serve sometimes as a

confirmation of spin assignments deduced from other experiments.

The measurements of the excitation functions of y-rays were

performed with a large Ge or Ge(Li) detector and an X-ray

detector positioned at angles of 125° and 305° with respect to

the beam to minimize the influence of the angular distributions of

the Y~rsys. The X-ray detector was used to normalize the Y~ray

yields with the K and Ko X-rays of the target atoms. The
a, p

dependency of the X-ray production cross section on the beam

energy has been investigated extensively for many projectile-

target combinations [Wat 70~|. The energy of the incident beam

was determined from the frequency of the accelerating voltage,

which is accurate to 4% at the VU and about 1.5% at KVI.

In the coincidence experiments at the VU the energy signals of

two y-ray detectors and the time relation between these two

signals were recorded on magnetic tape in an event by event mode,

with a maximum resolution of 4k channels for the energy signals.

The off line sorting of these data was performed with the HP 3000

computer.
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At the KVI multiparameter data were taken using the combination

of the Tennelec PACE system with CAMAC ADC's and TDC's. In this

way eight 8k channel resolution parameters could be recorded

together with up to about 30 parameters with 2k or Ik channel

resolution.

The coincidence data for the construction of the level scheme of

Pb (cf. chapter VI),e.g.,were recorded in a format containing

the energy-signals of at most four Ge(Li) detectors, and a large

Nal(Tl) detector, and the time relation of each energy signal with

respect to the beam burst; in total 10 parameters, with an "event"

defined as the coincidence (At<170 ns) between the signals of at

least two Ge(Li) detectors. A detailed description of the exact

configurations of the different multi-parameter coincidence

experiments will be given in Chapter VI. The sorting of these

multiparameter data was performed on the CDC Cyber of SARA, using

the histogram storing and manipulation routines supplied by

HBOOK [Cer 79^].

In the level schemes discussed in Chapter V and VI only those

levels are shown which are deexcited by transitions showing

distinct coincidence relations with other y-rays ascribed to the

nucleus concerned.

II.3 DETERMINATION OF SPINS AND PARITIES OF EXCITED

STATES.

Angular distribution and linear polarization of y-rays.

The transfer of angular momentum from the projectile to the

compound nuclear system in (H. I. ,xny)reactions results in the

alignment of the angular momentum of this compound system in the

plane perpendicular to the original direction of the projectile.

Since the evaporation of neutrons is not very effective in

removing the angular momentum, we can define this plane as
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containing the prefered direction of the nuclear spin at the

onset of the Y-decay process. As a consequence, the angular

distribution and linear polarization of Y~rays deexciting these

aligned states is observable. The measured anisotropy and linear

polarization contain information about the angular momenta involved

in the decay process |~R°s 67; Mor 76 |.

The intensity of the Y radiation was measured as a function

of the angle between the beam axis and the direction of emission.

Generally spectra are taken at 6 angles ranging from 90° to 155 .

In order to eliminate possible errors due to an unstable beam

position or inaccurate dead time corrections the measurements were

repeated three times. The normalization on the beam intensity was

performed with the intensities of well defined peaks in monitor

spectra taken in a fixed detector simultaneously with the spectra

in the movable detector. The dead time of the data acquisition

system was accounted for by a second normalization, with Y-ray

peaks from radioactive sources stuck to the two detectors.

The measured Y~r*y intensity can be written as

N(0) = NQ{1 + E QRAkPk(cos ())}, k = 2,4

where N is a normalization constant, Q are geometric attenuation
O K

factors calculated from the detector geometry and P (cos 8) are

Legendre polynomials. By fitting the above expression to the

experimental intensities, the angular distribution coefficients

A and A were determined.

While the angular distribution of Y~ radiation depends only on

the spins of initial and final state and on the mixing ratio, the

t Only for adalxturea of Bultlpolarltlea L>3(4) and Initial apln 123(4) the teraa with

k=6<8) ahould be included in the analyaea of the experimental Y-ray lntenaitiea. In aoat of

the altuatlona of Interest, however, these high aultlpolarltlea can be recognized on the

baals of the lifetime of the initial atate.
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measurement of the linear polarization yields information on the

parity of the transition. Therefore the linear polarization P of
118 120

transitions in ' Te was measured with the three detector

compton polarimeter described by Bron [Bro 78J . An example of the

y-ray spectra from which P is deduced is given in fig. II.I.

The initial orientation of the nuclear spin in the plane

perpendicular to the direction of the beam is decreased during

the deexcitation of the nucleus via non-stretched translations.

The experimental values of A , A and P of a transition depend

strongly on the degree of orientation of the nuclear state

deexcited by this transition. This degree of orientation can be

described by means of the relative populations B(m) of the angular

momentum substates. (As quantization axis the direction of the

incoming beam is chosen). Under the assumption that the population

of the angular momentum substates is given by a Gaussian

distribution:

Ji
B ( m ) = e x p ( - m 2 / 2 o 2 ) / T. e x p ( - p 2 / 2 o i ' )

the experimental values of A ,A and P were compared with the

theoretical values fMor 77 | in a grid search with parameters: O,

the width of the distribution, and 6, the mixing ratio.

Additional information on the multipolarity of transitions

can be obtained from the directional correlations of Y-rays

emitted from oriented nuclei (DCO, fkra 73~|). This method is

based on the multipolarity information which can be extracted

from the relations between two coincident y-rays Y, and Yo

1 2

emitted from an oriented nucleus. If N denotes the number of

times Y, is detected in a detector X and Yo in a detector Y, and

N 2 1 is the number of times Y 2 is detected in X with y in Y,

the DCO ratio R D C 0 is defined as:

RDCO "
N l 2 ( ï l "* X ' Y2 "•" Y )

N21<Y2 - X, y - Y)
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Nĵ  and N| | denote the number of
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the a-beaa and the primary

Y-ray; a is an efficiency

correction ( see also [Bro 78]).
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Fig. II-2 Theoretical values of

R for the spin combination

j. = 16,IS,14,13 or 12, j = 14
i m

and j = 12 at u =0.75 and

a =0.4. The experimental

datapoint refers to the RDrn for

the 467 keV - 959 keV Y cascade

ir. 196Pb.

In fig. II.2 we display the theoretical values of this ratio

for a spin combination Yo
 : 14+12; L =2; y, = (16,15,14,13,12)-»-14,

L =2, L12
=l» a s a function of the mixing ratio 6 . The

indicated datapoint is the R-̂ .» for the 467-959 keV cascade in
196

Pb. The absolute value of R„„„ depends of course strongly on the
orientation of the nucleus and the experimental circumstances.

Information on the degree of orientation is obtained by comparison

of the Rnnrk of a known cascade with the theoretical value, or from

the experimental angular distribution coefficients of known

transitions. The DCO method is often the only possibility to

obtain information on the multipolarity of a transition when the

corresponding Y~r&y peak is part of an unresolved doublet in the

single spectra.
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Fig. I1-3 Theoretical values

oi the K - conversion

coefficients a for Z = 52.

Indicated are the experimental

data for a number of transitions

in Te.

iiK

Conversion electrons.

The relative probability for the internal conversion process

is a function of the multipolarity, the parity and the energy of

the transition, and of the atomic number Z of the nucleus.

In fig. II.3 theoretical K conversion coefficients are shown

for Z = 52 Qtös 783 • A l s o indicated are the experimental conversion
120

coefficients for a number of transitions in Te.

The measurements of conversion coefficients were performed

with mini-orange spectrometers j[Kli 75^| in order to suppress

y-rays and 6 electrons, in combination with cooled Si(Li)
130

detectors. The experimental set-up used in the experiments on Te

is described in [joe 78] . Conversion electrons and gamma rays were

measured simultaneously and were normalized to each other with

efficiency calibrations deduced from well known conversion ?•
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coefficients of transitions in nuclei in calibration sources.

Differences in the dead times of the Y ai:i electron detection and

acquisition systems were eliminated by supplying pulser signals to

the pre-amplifiers of the detectors.

A second set-up , used at the KVI for the measurement of the
194 196

conversion coefficients of transitions in ' Pb allowed the

simultaneous application of three mini-orange filters in order to

decrease the measuring-time and increase the statistics. A detailed

description of this experiment will be given in Chapter VI.

II-4 THF LIFETIME MEASUREMENTS.

The measurement of the lifetime of an excited state gives

valuable information on the structure of the nuclear state under

investigation. The lifetimes quoted in this thesis are measured

in two ways. One possibility is to use the pulsed structure of the

cyclotron beam to measure the intensities of the y-rays as a

function of time relative to the cyclotron burst. By careful tuning

of the cyclotron it was possible to obtain a lower limit of about

0.25 ns for the minimum detectable hal f-life for the experiments at

the VU. For the experiments at KVI, a lower limit of about 3 ns

was obtained. The upper'limit of the experimental half-life is

given by the repetition rate of the cyclotron burst ( about 90 ns

at VU and about 190 ns at KVI; without burst suppression).

The other possibility is to investigate the time relation

between the ^intensities and a signal of the sumspectrometer

( cf. Chapter III ) to determine half-lives of excited states.

The lower limit of about 4 ns obtainable this way is given by the

time-resolutions of the sumspectrometer'and the Ge(Li) detector.

An advantage of this method is that the measurement is independent

of the tuning of the cyclotron, and that

t We thank Dr. J. Cornells, Dr. J. van Klinken and Drs. W. Veneaa for their willingness to

speed up the completion of this "Mlni-Orsnfre four" set-up, and to put the apparatus at our

disposal for these experiments.
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Fig. II-4 The intensity of the 337 keV 10 •+ 9~ transition in Pb as a function

of the time relative to a pulse in the sumspectrometer < cf. Chapter III and VI ).

the upper limit of the experimental half-lives can be extended

far beyond the reciprocal of the RF of the cyclotron, without the

necessity of applying burst-suppression techniques. An example

of a time-spectrum measured with this method is given in
+

fig. II.4 for the 337 keV 10 •> 9 transition in Pb.
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C H A P T E R I I I

EXPERIMENTAL METHODS (II):

THE SUMSPECTROMETER

III-I INTRODUCTION.

The measurements of the average number of y-rays < M >

emitted per compound nuclear reaction from medium mess nuclei

( 100 < A < 200 ) yield values of <M> ~ 12 for (a,xny) reactions

with x > 3 and <M> = 30 for 12C induced reactions. ( cf. [ock 78J ,

[Hag 8f] , [SNM Sl]).The experimental methods described in Chapter

II are developed to extract information on those excited states

which are populated strongly enough in the decay process. The

deexciting y-rays are represented by sharp, discrete peaks above

the background .he energy spectra taken with Ge(Li) detectors.

Depending on the type of experiment at most four Y's ( in the four

detector coincidence set-up, section II.2 ) were simultaneously

detected per reaction, however with an extremely low photopeak

efficiency in the order of 10 %. On the other hand, the deter-

mination of y-ray multipolarities on the basis of angular

distributions and linear polarizations requires the detection of

only one gamma per reaction.

It is important, however, to discuss what relevant

spectroscopie information can be obtained by measuring

simultaneously the remainder of the Y's emitted after the reaction,

including the Y-rays emitted by states in the quasi-continuum.

Therefore we consider again the calculations on the basis of

which fig. 1-1 is constructed, where the relation between

angular momentum and excitation energy is given for the

t The work described in this chapter was performed In close and stimulating cooperation

with Dr. M.J.A. de Volgt.
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Fig. III.l The projection, on the excitation axis, of the calculated entry

populations of intermediate nuclei at subsequent steps in the deexcitation of the

12C (E|2c = 95 MeV).compound nucleus Pb produced in the reaction Os

The exit channels are labeled with the number of evaporated neutrons. The dashed

areas indicate the fractions of the population deexcited by y-rays- In the insert

the suraspectrura of this reaction is given, which is the sum of the dashed areas.

12
equilibrated nuclear system after the fusion of 95 MeV C and
188 200

0s, leading to the compound nucleus Pb. From these

statistical model calculations we can deduce the excitation

energy distribution for a number of residual nuclei after

particle evaporation, which is shown in fig. III-l. On the

basis of this calculation the conclusion can be drawn that at a

given projectile energy, the total y-decay energy ( which equals

the total excitation energy after particle evaporation if

we neglect the internal conversion process ) is a
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function of the reaction channel, and of the angular momentum of

i the system after particle evaporation. Measurement of this total

y-decay energy therefore yields information on the reaction channel

and on the angular momentum involved. Combination of the

measurement of the total y-decay energy with the measurement of

\ properties of individual gamma-rays emitted simultaneously is a
t

tool for spectroscopie studies of the products of reactions with

; an unfavourable cross section and (thus) for the spectroscopy of

1 very high spin states [jj0 78] , [kör 79J , [Her 8<£| , jjol 8ij .

The reversed combination (i.e. the measurement of the total

y-decay energy for a specific final nucleus) yields information

on e.g. the reaction process and level densities (if the number

of emitted y-rays is known).

In this chapter we will discuss the design parameters, the

design, and the performance of the sumspectrometer, a device to

; measure the total y-decay energy. Other possible applications

of such a sumspectrometer will not be discussed as they are not

used throughout this thesis.

III-2 THE DESIGN PARAMETERS.

The total sum.

The accuracy to which the total y-decay energy can be measured

fr is determined mainly by the total efficiency of the measuring

ïï device. This can easily be illustrated if we make the simplifying

k; assumptions that we want to measure the total energy released by

|f a cascade of M y-rays each with a transition energy E , that
jfy i

!'; our measuring device has a detection efficiency .0 for the full

: photo energy peak of each individual y and O otherwise,

(( 1-ü) f 0),

+The f oraal 1 M has been extended to include a coapton distribution, but this makes no

significant difference In the conclusions drawn at the end of this section.



23

0 0.2 04 0.6 08 1.0

Fig. III-2 The detected total Y-decay enerfjy distribution as a function of the

system efficiency calculated under the simplified assumptions of section 111.2.

and an infinitely good intrinsic resolution. The distribution of

the detected Y~ray energy P(xE ) for the original total Y-decay

energy E„ = ME is now given by the binomial distribution

P(xEy) = (3.1)

with x the number of y-rays detected.

The total detected energy E is given by:
Q6X

det
(3.2)

with a variance O of the energy distribution given by:
M

o 2 = E 2 I ( x - £ 2 M ) 2 P ( x E > = E 2 M f i ( 1 - 9 . ) ( 3 . 3 )
Y x _ 0 Y Y Y Y
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Fig. III-3 The relation between the sumspectrometer efficiency (; ) and the mean

detected energy |E (R)I < full curve ). The curves labeled I and II represent

the calculated FWHM of the sumspectra. The curve III represents the FWHM due to

an intrinsic detector resolution of 10% for individual Y-rays ( independent of

the Y-ray energy ).

Since this distribution is Gaussian for large M, the full

width at half maximum is given by: FWHM = 2.350; so

AEdet/Edet 2" 3 5 (3.4)

In fig. III-2 we display the energy distribution 3.1 for a

cascade of 15 transitions for three different values of Q .

In this simplified picture the centre of gravity of the energy

distribution depends linearly on ti (equation 3.2 and fig. Ill—3).

The FWHM calculated with respect to the mean detected energy,

as indicated by the arrows in fig. II1-2, increases however very

rapidly with decreasing ft ( c.f. equation 3.4 and fig. III-3 ).

In order to compare the effect of the efficiency of the

measuring device on the resolution with the influence of the
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intrinsic resolution of the detector for individual y-rays

( which was neglected in the above considerations )

we present in fig. III-3 also the intrinsic relative resolution

of the total energy peak for a cascade of 15 y-rays, each

detected with an intrinsic resolution of 10%.

Since the intrinsic resolution of commercially available Nal(Tl)

scintillation detectors is about 8% at 0.66 MeV y-ray energy

( and improves at higher energies as~( /E ) ) we can see in

fig. II1-3 that the relative resolution of the detected total

y-decay energy is determined predominantly by the efficiency of the

system if Q< 0.98.

From the above considerations the most important design

parameter could be deduced, namely a detection efficiency as

close to 1 as possible for y-rays in the energy region

0.1 < E < 5 HeV, the energies of interest in an energy

distribution of the y-transitions deexciting a nucleus after a

compound nuclear reaction. A cylinder of Nal(Tl) scintillation

material with a length of 400 mm and a diameter of 400 mm was

chosen on the basis of the efficiency considerations combined

with practicability and the financial possibilities. An axial

hole with a diameter of 80 mm is provided for in the cylinder,

in order to have the accelerated projectiles impinge on a target

placed in the centre of the spectrometer, and to place eventually

high resolution counters under 0° and/or 180° with respect to

the beam direction. The solid angle subtended by the scintillation

material is in this set-up as large as 3.9TT sr ( 97.5% ). The

calculated y-ray detection efficiency ( not necessarily full

photo-energy detection ) on the basis of the attenuation

coefficients of y-rays in Nal ranges from 97.4% ( E =0.1 MeV )

to 86.5% ( E = 5 MeV ), as is indicated in fig.III-4.



26

Fig. III-4 The calculated y-ray detection probability ('. • ) for a cylinder of

400 mm * 400 am of Nal(Tl) with an axial hole of 80 mm in diameter, as a function

of the Y-ray energy. The datapoints are the results of calibrations with radio-

active sources ( cf. section III.4 ). The curve labeled E(E.) is explained in the
i'

t e x t , ( s e c t i o n I I I . 4 ) , and i s drawn to guide the eye .

Multiplicity.

The total Y-decay energy is released by a number of coincident

gammas, M, with M depending on the entry point in the space

spanned by excitation energy and angular momentum and on the

nuclear structure. By dividing the sumspectrometer in a number of

independent detectors it is possible to obtain information on M

too. To estimate the effectiveness of such a multi-detector set-

up for obtaining information on M we have to calculate the

probability Pw (M) that x detectors out of a total number of

N detectors are triggered, when M gamma's are emitted

simultaneously from the target. The formal derivation of the

probability P (M) in the case of no cross-talk b' '-ween the

detectors is given by several authors (Ock 78] , [Wes 77] , [ÏCer 78~|

and [Wer 78] as

(3.5)
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where r is the total number of Y~r*ys detected ( and thus (r-x)

is the number of y-rays hitting an already triggered detector ),

and co is the y-ray efficiency for each individual counter, under

the assumption that all counters are identical.

In the design of the sumspectrometer we can not insert,

because of efficiency considerations, absorbing material between

the different detectors to minimize cross-talk. Therefore we have

to take into account this effect which is due mainly to compton

scattering from one detector into a neighbouring detector.

The cross-talk is accounted for by introducing the probabilities

(3.6)

h±(r) andgN>i.(r,x-j)

with

l*i(r) = ' f i (1-f) r~1,

the probability that i additional gamma quanta are produced out

of r original ones via compton scattering to one of the two

neighbouring detectors, ( f is the probability for compton

scattering from one counter into its neighbour for one single

y-ray, and will be called the cross-talk parameter ).

gN . (r,x-j) is the probability that from the i scattered

y-quanta, j are detected in a detector which is not yet triggered

by an incident y-ray, and (i-j) are hitting an already triggered

one; (x-j) is the number of counters triggered by the r detected

primary y-rays.

The probability that an event of multiplicity M causes a

(x-j) - fold coincidence in N detectors, and that the r (from M)

detected y-rays produce i additional y-quanta via compton

scattering to the neighbouring detectors, which cause a trigger

in j additional counters, is given by the expression:

Vx ( M ) =
<3.7)

After substitution of (3.5) and (3.6) in (3.7) and using the

proper summation one obtains:
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N'x p=0 i=0 j=0 r=x-j

. [(x-p)uij H-r h..(r).g
1

Sx r ï
E E E E (-1)'

p=0 i=0 j=0 r=x-j
(3.8)

.[(x-p)w]r{l-Nu))M"r

J

The probability g .<r,x-j) can be calculated numerically
N, X, J

for a given geometry < in our case a cylinder divided in N equal

segments ) and for any given N,i,j,r and x. The following boundary

conditions are imposed on g: g (r,l) = 0 , g„ _ n(r,x) = 1
N,1,0 w,u,u

8 N i -i*
1".1) = 1 and 8 W 4 i<

r«N) = 0 for i,j ?< 0.

This expression 3.8 approximates 3.5 for f « l . The probability

P (M) is displayed in fig. III.5 for several values of M and N,

with, f = 0.07, the actually measured cross-talk parameter in the

final design at E -0.7 MeV.

The division of the spectrometer in a number of individual

detectors allows a separation between "low11 multiplicity events

and "high" multiplicity events by looking at the x-fold of the

coincidence. By requiring x> 5 in the case of a six detector

set-up e.g., 78% of all M = 6 events and about 95% of all events

of a lower multiplicity are rejected, compared with the rejection

of 27% of all events with M = 10 and only 2% of all events with

M = 18. This multiplicity sensitivity of the sumspectrometer

detoriates with a lower number of segments and improves with

increasing N. The direct, on line, measurement of the

multiplicity M per individual reaction is not possible with this

set-up consisting of only six detectors. To measure this number

M an array of at least 100 counters ( for M ~25 ) is required,

as is discussed in the proposals for the ( very expensive )

crystal ball detector systems [Hab 7Sfj. The choice of 6 detectors
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Fig. III-5 The probability P„ (M) that x detectors out of a total number of N
N, X

detectors are triggered when M gamma's are emitted from the target. Indicated are

these probabilities for different values of M, and for N = 9 ( left ), N = 6

( middle ) and N = 4 ( right ), as calculated with expression 3.8.

was based on the combination of the above considerations about

multiplicity selectivity with practicability and financial

possibilities.

III-3 THE DESIGN.

The division of the sumspectrometer into individual

detectors has the additional advantage that one of the segments

can be partly removed to make place for high resolution Ge

detectors close to the target for discrete line spectroscopy,

without too big a loss in the efficiency of the spectrometer.

A disadvantage of this division is the introduction of non

scintillating material as partition walls between the segments,

and consequently a reduction of the total efficiency of

the set-up and absorption of compton scattered y-TB.ys.

By using special welding techniques, however, it was possible

to apply only 0.8 mm thick Aluminium for the construction of the
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Fig. III-6.a Mechanical design of the sumspectrometer. 6.b Support for the sum-

spectrometer. Indicated is the turn-table on which Ge(Li) detectors can be placed

for combined high resolution single gamma spectroscopy ( if one segment is removed),

and the annular Ge detector. 6c The scattering chambers used in the combination

sumspectrometer-annular Ge detector.
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cans containing the Nal crystals. In this way the effects of

absorption and loss of efficiency (A^~1.7% )were minimized.

In section III.2 we concluded that the geometric efficiency

determines the final resolution of the detected total y-decay

energy for high multiplicity events ( high refers here to the

experimental values of M; M <50). For very low multiplicity

events ( M ~ 3 ), however, the intrinsic resolution of the

individual segments becomes important. This intrinsic resolution

for a single y-ray i s caused by the sum of effects due to

properties of the Nal(Tl) scintillation material and the

phototubes and due to the different attenuation of light

produced close to or far away from the photomultiplier in the

crystal. By mounting 50 mm of perspex light guide between the

Nal(Tl) crystal and the phototube for each segment, the required

position homogeneity ( i.e. the pulse height stability as a

function of the distance between the locus of irradiation and

the photomultiplier) of better than 3% could be achieved,

resulting in an overall intrinsic resolution of about 10% at

0.66 MeV. By careful selection of the individual photomultipliers

( EMI 9791 B ) the time resolution was optimized to about 6 ns

FWHM for 0.511 MeV y-rays timed against a fast plastic

scintillator.

The mechanical design of the sumspectrometer is given in

fig. II1-6,a. The six segments are mounted in a steel frame to

form together the 400 mm diameter times 450 mm length ( 400 mm

Nal and 50 mm perspex ) cylinder. Each individual segaent can be

removed without influencing the position of the other segments.

The very compact and solid construction and the aoderate weight

of the spectrometer ( about 300 kg , of which 180 kg Nal ) make

the apparatus suitable for use at other beam lines and institutes.

As is shown in fig. III-6,b the steel frame with the six segments

is mounted on two rails in order to move the spectrometer along

the beam line.

To be able to use the spectrometer in combination with a high

resolution y-ray detector positioned under 180° with respect to
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the beam line ( i.e. without removing one segment or without

stopping the ion beam inside the spectrometer ) a special high

purity Ge detector was manufactured. This detector has an axial

hole with a diameter of 9.5 mm through the crystal and the

cryostat, such that the beam pipe can be mounted through the

detector. The specifications of this detector are: an efficiency

of 14% and an energy resolution ( FWHM ) of 2.35 keV at 1.33 MeV.

The situation with this detector positioned under 180° is also

indicated in fig. II1-6,b. The scattering chambers for use in

combination with this detector are shown in fig. III-6,c.

III-4 THE PERFORMANCE OF THE SPECTROMETER.

Calibrations with radioactive sources,

e(Ey)

With radioactive sources the following quantities of the

sumspectrometer were determined:

: the total geometric efficiency or the probability

that a Y-ray of energy E triggers the

spectrometer, not necessarily resulting in a full

photo energy event.

: the average detected energy fraction of a gamma

of energy E ( i.e. the energy of the centre of

gravity of the experimental spectrum divided by

the energy of the Y )•

: The cross-talk parameter as a function of

gamma-ray energy ( cf. section II.2 )

: The intrinsic energy resolution for single gammas

: The time resolution of the system for coincidences

with signals from a fast plastic scintillator.

The first three quantities, Q (E ), e(E ) and f(E ) were
exp Y Y Y

determined in a single measurement for three single Y~ray

sources Hg ( 0.279 MeV ), Cs ( 0.661 MeV ) and

f(Ey)

EFWHM(E

TFWHM(E )
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Table III—I. Summary of the results of energy and time resolution

measurements for the individual segments of the sumspectrometer.

Segment

number

1

2

3

4

5

6

661

9.7

10.3

10.0

9.8

10.2

9.9

Energy

keV

(2)

(2)

(2)

(2)

(2)

(2)

Resolution FWHM

1274

7.2

7.8

7.6

7.2

7.4

7.6

keV

(2)

(2j

12)

(2)

(2)

(3)

m
2506

4.9

5.4

5.4

5.1

5.1

5.1

keV

(3)

13)

(3)

(3)

(3)

(3)

Time

511

6.2

6.4

6.2

6.1

5.8

6.1

Resolution FWHM (ns)

keV

(2)

12)

(2)

(2)

(2)

(2)

1275

4.5

4.5

4.5

4.7

4.4

4.7

keV

(2)

(2)

(2)

(2)

(2)

(2)

54
Mn ( 0.835 MeV ), and in coincidence with one member of the

cascade in a Ge (Li) detector for the following sources emitting
207 60

two gamma-rays in cascade: Bi ( 0.570-1.063 MeV ), Co
88

( 1.173 - 1.333 MeV ) and Y ( 0.898 - 1.836 MeV ). The results

of the measurements are shown in fig. III.4 for £2(E ) and £(E ).

The cross-talk parameter f determined from the number of

adjacent segments triggered by a single Y-ray ranges from 0.06 (1)

at 0.661 MeV to 0.08 (1) at 1.836 MeV with the constant fraction

discriminator setting such that pulses corresponding to

E > 0.05 MeV are accepted in each segment. The intrinsic photo-

peak resolution ( FWHM ) is - 10% for all individual segments

at 0.661 MeV and -5% for the sum peak of the two Co lines

at 2.506 MeV, which is obtained by hardware summing of the pulses

of the six individual segments. A summary of the results of the

energy and time resolution measurements is given in table III.l.
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Fig. lll-7.a The

distribution of

transition energies

used for the Monte

Carlo total energy

distribution

calculation.
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Monte Carlo simulation of high multiplicity events.

It turned out to be not possible to test the response of the

sumspectrometer experimentally to a long ( M> 10 ) cascade of

y-rays. The reasons for this are:

- the highest Y-multiplicity known in the decay of a calibration

source is only M = 5 in the decay of the J = 16 isomeric state

in 178Hf,

- there is no nuclear reaction known as yet or feasible in the

framework of this investigation which leads to an excited state,

the decay of which takes place via a long, well known cascade

which is clearly distinguishable from the prompt feeding of this

state, e.g. because of a long half-life< T / > l)js ), or because

there is no prompt feeding ( e.g. Coulomb excitation of (medium)
208

heavy nuclei with very heavy ions like Pb ).

Therefore the response of the sumspectrometer to high

multiplicity events was calculated in a Monte Carlo simulation

with the results of the above calibrations as input.

For a fixed v ilue of Ej , the total Y-decay energy, and for

a fixed energy distribution of the gamma transitions as given

in fig. HI.7,a, with an average transition energy E = 1.11 MeV,
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Fig. 111-7.b The shape of the

multiplicity distribution used for

the Monte Carlo calculation.

20 25 30 35

the multiplicity distribution given in fig. III.7,b was scaled

in such a manner that M * E = Er. For each event a number M from
Y £.

the multiplicity distribution was chosen, and subsequently M

Y-rays were chosen from the transition energy distribution summing

up to Ey. For each Y-ray with energy E the detection probability

f2(E ) and the average detected energy fraction E(E ) were taken

from fig. III.4. By summing all tne detected fractions of the

M Y-rays and repeating the procedure ( for statistical reasons )

10 times, suraspectra were generated belonging to one sharp

original sum energy E~. In figs. III.8,a and b the results of

this simulation are given for Er. = 20,30,40 and 45 MeV for the

total spectrometer ( 6 segments ) and for 5/6 £2(E ) to simulate

the configuration with one segment removed«respectively.

The results displayed in figs. III.8,a and b reveal two

important properties of sumspectra of long cascades of Y-rays

measured with this sumspectrometer. At first, the FWHM of the

simulated spectra are in good agreement with the FWHM calculated

with the expression 3.4 ( note that 3.4 was derived assuming

only full photo energy events. To include the partially detected

gammas, fi in expression 3.4 should be replaced by the product

Q * e ).
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Fig. 111-8 Simulated total

energy distributions for

original total decay energies

of 20, 30, 40 and 45 MeV with

\i (E ) and £(E ) taken from

the (extrapolated) calibration

curves in fig.111.4 (a) and

with 5/6-11 (E) (b). In

the insert the centres of

gravity of the simulated

spectra are given as a function

of the original total energy.

In table III.2, we summarize the results for the FWHM as

deduced from the simulated spectra and from the expression 3.4.

The value of Q, * £ is taken at the average transition energy of

1.11 MeV, while the centre of gravity of the multiplicity

distribution served as the value of M. From the comparison of the

results we can conclude that there is no significant difference

between the predictions of the FWHM with the very simplified

assumptions which lead to equation 3.4, and the results of a

Monte Carlo calculation which includes nearly all parameters

determining the physical processes which occur at the simultaneous

detection of a long cascade of coincident gamma rays.
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Table III.2. The mean detected energy and the FWHM of the simulated

sumspectra. For comparison also the predictions of these

quantities with equation 3.2 and 3.4, respectively, are given.

Total

decay

entrgy

20

JO

40

45

Cfi

Simul.

1 6 . f!

25.7

33.3

36.8

Mean Detected Energy

= .80

3.2

16.0

24.0

32.0

36.0

Efl =

Simul.

14.1

21.5

27.8

30.7

.67

i

13

20

26

30

.2

.4

.8

.2

Simul.

31

23

22

22

FWHM

0.80

3.4

28

22

19

18

(%)

Cfi =

Simul.

44

34

32

32

0.67

3.4

38

31

27

25

P

i"

The most important conclusion which can be drawn from these

simulated spectra is, however, that there exists approximately

a linear relationship between the centre of gravity of the

simulated spectra and the original total y-decay energy E„, under

the condition that the efficiency of the sumspectrometer is large

enough. ( see the insert of fig. III.8 ) The deviation from

linearity is only 4% if one looks to the 30 MeV spectra, and even

less for the other original total energies.Decreasing of the

efficiency ( e.g. by removing one segment ) increases the

alinearity ( e.g. to 7% ). This effect is another argument for the

necessity of a high efficiency for a sumspectrometer.

The difficulties in the interpretation of experimental

sumspectra which arise if the total efficiency of the spectrometer

is not large enough are indicated e.g. Folkmann et al. pol 81~1 .

In this work total gamma-decay energy spectra are measured with
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P I N U O

KATHODE

TRANSISTORS: 2N344D
OIODES IN 4151
C 1 - 4 ' 10.000 pF 3kV
CS- 14 : 2200 PF kV

Fig. II1-9 The voltage

divider for the photo-

multipliers.
3x Z150V

a Nal(Tl) sumspectrometer ( 250 mm diameter and 200 mm length
50

cylinder ) for reactions induced by Ti beams, but due to the

assumed very alinear response of such a small sumspectrömeter, no

conclusions could be drawn about absolute values of the total

gamma-decay energy. In other publications ( Simon, [Sim 78],

[Kör 79] Körner et al. ) about measurements of the total

gamma-decay energy with a sumspectrometer this problem is not

mentioned, however, the results of Simon are certainly influenced

by this effect. ( He also used a 250 mm diameter and 200 mm

length cylinder with a quoted total detection efficiency ft (E ) =

0.7 at 1 MeV ).The sumspectrometer described by Körner jjför 79]

consisted of 4 optically separated segments of Nal in a cylinder

with a diameter of 330 mm and a length of 220 mm, which has due

to the small axial hole (0 25 mm) a total efficiency comparable

with the sumspectrometer of the Free University and the KVI

described in this chapter.
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S U M - LRS 612
SPECTRO- I AM
METER

ORTEC «54

Gc(Li)

•d—D—O
CANS 1326 D DELAY

-»P> »
ORTEC 450

934

N>X

Gtli

I INHIBIT

!N 622

• IN 622

."EVENT"

•ADC

Fig. 111-10 The scheme of electronics ( top ) and the event logic ( bottom ) in a

typical sunspectrometer-Ge(Li) coincidence experiment. The meaning of the serial

numbers is given below:

LRS 612AM

EGG 934/Canb 1326D

LRS 428A(9A)

LRS 380A

LRS 623B

LRS 622

571, 450

ORTEC 454

ORTEC 467A

Linear amplifier.

Constant fraction discriminator.

Linear < logic ) fan in/fan out.

Multiplicity logic unit.

Discriminator.

Coincidence unit.

Linear amplifier.

Timing filter amplifier.

Time to pulse-height converter.

Fig. III-ll.a (left:) The experimental total -decay energy spectrum for the
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III-5 THE ELECTRONICS.

In many applications of the sumspectrometer it will be

necessary to operate the instrument at very high ( and varying )
g

count rates ( up to 3 >10 triggers per second per segment ).

Very stable, high current resistor chains have to be used to

regulate the potential difference between the dynodes of the

photo-multiplier in order to reduce eventual gain shifts due to

variations in the count rates (fig. 111,9). To monitor the

stability of the pulse heigths, light emitting diodes were

provided for in the design of the spectrometer [Pen 8l].

A second consequence of these very high count rates is the

necessity to apply fast electronics to define the event-logic.

In fig. III. 10 the scheme of electronics and the event-logic

used in a typical sumspectrometer - Ge(Li) coincidence experiment

are given. The time definition is made by constant fraction

discrimination. An event is defined as the overlap coincidence

between a pulse of the Ge(Li) detector and the pulses of a

beforehand chosen minimal number of sumspectrometer segments to

suppress low multiplicity events in an early stage. To reduce

pile-up of the analog signals, the event signal is inhibited

in case any segment is triggered within a fixed period of time

( usually about 0.8 ys ) before or after the event. The analog

signals of the six segments are summed hardware in a linear

fan in/fan out, the output of which is supplied to standard

pulse analysing electronics.

Examples of spectra collected in an experimental set-up as

described above are shown in fig. III. 11,a and b for the reaction
188 12

Os + C at Ei2o = 95 MeV. In the left part of fig. III. 11,a

the experimental sumspectrum is given. Indicated are the slices

in the total decay energy spectra corresponding to which the

Ge(Li) spectra ( fig. III. 11, b ) are updated.

t We gratefully thank Dr. R.S. Slaon who supplied the basic design of such a voltage

divider.
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SUMSPECTRUM 188Os(12C xny)
E12 = 95MCV

200 400
CHANNEL NUMBER

t
0 2 4 6 8

NUMBER OF SEGMENTS

if)

Os ("C xnypv); E,, »95MeV

200 400 600 800
CHANNEL NUMBER

1000 1200

Fig. III-ll.a (left:) The experimental total Y-decay energy spectrum for the
188 12

reaction Os + 95 MeV C. The necessary condition for updating the spectrum

was a trigger in the Ge(Li) detector and in at least 5 segments of the sumspectro-

meter. (right:) The number of segments triggered in this reaction without any

conditions ( top ), under the condition of a trigger in the Ge(Li) detector
12 12

(middle) and, under the same condition, for the reaction C + C (bottom).

11.b Ge(Li) spectra in coincidence with different slices in the sum

spectrum, updated under the condition that at least 5 sumspectrometer segments

were triggered.
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The sharp peaks in the Ge(Li) spectra are marked with the

\ reaction from which they originate. Clearly observable is the

'. difference between the 5n channel ( high total y-decay energy )

and the 6n channel ( lower total y-decay energy ). This difference

was ( qualitatively ) predicted by the statistical model

,' calculations referred to in section III.I and in chapter I. In

chapter VI we will discuss similar spectra in more detail.

To illustrate the multiplicity selectivity obtained by the

't\ division of the sumspectrometer into six individual segments,

"' the "multiplicity" distributions are given in the right of

, fig- III. 11,a as measured in the above experiment. The top

' . figure represents the number of segments triggered without any

restricting conditions on the event definition. The middle figure

shows this number under the condition that also the Ge(Li)

'• detector was triggered, which is a very strict condition on the

.- multiplicity due to the low efficiency of the Ge(Li) detector.
: The bottom figure represents the same situation, but now the

188
Os target was replaced by mylar foils which formed the backing

12 12of the Os target. The low y multiplicity of the C + C reactions

is represented by the fact that 70% of all events results in a

trigger of only one or two segments, and only 6% results in a

trigger of five or six segments; this as opposed to the situation

with the Osmium target, where 65% of all events results in a

trigger of five or six segments.
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C H A P T E R IV

THE RESPONSE OF LARGE Nal(Tl) DETECTORS TO

EVAPORATION NEUTRONS.

IV-I INTRODUCTION.

The use of large Nal(Tl) scintillation detectors is

indispensable in the spectroscopy of gammas of intermediate

and high energy. In-beam gamma-ray spectroscopy, y-capture

and TT-capture may be mentioned as the main fields of application

of large Nal(Tl) detectors in nuclear physics. The Nal(Tl)

detectors are used here for single line gamma spectroscopy as well

as for the spectroscopy of the total energy sum of high

multiplicity Y~ray cascades ( the total Y-decay energy

spectroscopy, cf. Chapter III ). In these applications the y-rays

are often accompanied by intense ( fast ) neutron radiation. The

detection efficiency and the response of a Nal(Tl) crystal of a

given size to neutrons is therefore of primary interest in any

quantitative measurement of Y-**ays in one of the experiments above.

r -.1

The traditional techniques in single gamma-ray spectroscopy

to discriminate between the detection of a neutron or a gamma-ray

are based on time-of-flight and/or pulse-shape considerations.

Both techniques, however, have rather severe limitations in

practice. The time-of-flight technique requires an appropriate

starting signal ( such as provided e.g. by a pulsed beam or by

simultaneously detected prompt, coincident, radiation ),anc* a

relatively large flight path. The pulse shape discrimination, on

the other hand, is not easily applicable to Nal scintillators.

t This study was performed in close co-operation with Dr. Z. Sujkowski.
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The dominating part of the light output in the case of a neutron-

interaction is due to absorption of y-rays following inelastic
23 127

neutron scattering on Na and I. Thus the pulse shapes due to

gamma and neutron interactions with Nal(Tl) crystals are very

similar [Bar 75, Sha 78] .

These difficulties in the neutron-gamma separation take yet

another dimension in the case of using Nal(Tl) detectors as a

4TT sumspectrometer consisting of only a few modules. The large

solid angle and high intrinsic efficiency of such devices for both

Y-rays and neutrons implies that practically every nuclear

reaction of the type (H.I.,xny) taking place in the target induces

a composite signal from the sumspectrometer due to y-rays and

neutrons. The large amplitude of the prompt component due to the

y-rays is followed by a delayed component, usually of smaller

amplitude, due to the neutrons and delayed y-rays. The delay

times of the neutron induced components are characterized by a

large spread of values, typically between a few ns and about 200

ns, caused by the spread in the neutron velocity distribution as

well as by the spreading in the flight paths between the target

and the interaction point in the large detector. The on-line,

event by event corrections of the individual pulses being not

practically, applicable, one is thus left with the necessity to

make statistical corrections to the pulse height spectra measured

with sumspectrometers. The response of Nal(Tl) to neutrons has

therefore to be known as a function of the neutron energy and the

detector size and shape.

The main channels contributing to the energy degrading of a

neutron with energies up to about 20 MeV moving in a Nal(Tl)

crystal are the <n,n) , (n.n'y) , (n,2ny) , (n,py) , (n,ay) and

(n,Y) reactions.

The published data on the cross sections for these interactions
23 127

with Na and I nuclei are collected in table IV.1. From these

data we can try to estimate the gross structure of a Nal(Tl) pulse

height spectrum due to interactions of neutrons of energy
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Table IV.1. Survey of the measured cross sections of neutron induced reactions on 23Na and 1 2 7 I .

in

Reaction

(n,n)

(n.n'Y)

(n.Y)

(n,2n)

(n.PY)

n.aY

E
neutron

0.8 -

2.5

0.4 -

0.8 -

9.5 -

10

ie

15

10

(HeV)

2

3.5

10

15

20

20

1 2 7I

a (mb)

5000

2000

300

140

300

300

120

100

35

250

0.25 - 0.20

0 - 1200

10 - 40

"small"

"small"

0 - 5

Bcxc ( M e V )

-

a)

.203

.375

.418

.618

.651

.745

.991

> 1.04

> 6.96

a)

a)

a)

a)

a)

Ref.

Ste 64

Ste 64

Lin 61

Ste 64

Ste 64

Ste 64

Bas 64

Bas 64

Ste 64

E (MeV)
neutron

0.8 - 10

3.0

4.0

7.0

0.4 - 3.5

0.5 - 5

12.5 - 20

12 - 20

7.20

6 - 10

10 - 20

14.2

12.6

23Na

o (mb)

3300 - 600

750

300

786 C4)

700

100

40

50

120

140 - 10

0 - 100

50 - 100

34

43

0 - 6 0

160 - 20

172

159

Eexc ( M e V )

-

a)

.440

a)

.440

2.08

2.39

2.64

2.98

> 6.82

a)

a)

a)

a)

a)

a)

a)

Ref.

Ste 64

Ste 64

Shi 59

Tow 67

Lin 61

Tow 62

Ste 64

Ste 64

Ste 64

Wil 61

Ste 64

Ste 64

Pic 65

Höl 66

a) not specified.
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0.5< E <15 MeV with the scintillation material. Due to the
~ n ""

(n,n'y) reactions there will be a low energy component in the

spectra, probably of rather high intensity. When tho neutron

energy decreases after a cascade of elastic and/or inelastic

scattering processes, the total capture cross section increases.

Therefore we can expect a peak or some structure in the Nal pulse

height spectrum corresponding to the neutron binding energies in
24 128

Na and I (~7MeV). A reliable response function for a large

Nal(Tl) detector to a neutron spectrum in the energy range of

interest could, however, not be constructed on the basis of these

data due to the complexity of such a construction.

The purpose of the present work is to circumvent this

difficulty by presenting experimentally determined response-

functions of Nal(Tl) detectors of three sizes. The effort was

undertaken in connection with a study of the y-deexcitation

energy of neutron evaporation residues of heavy ion induced

reactions ( cf. Chapter III and VI ). A large cylindrical

sumspectrometer consisting of six Nal(Tl) segments has been used

in order to determine the total energy released by y-rays in

various reactions. An extensive description of this device is

given in Chapter III.

The neutron response has been determined separately for one

sumspectrometer segment ( 29.5 kg of Nal(Tl)), for 5 segments

( 147.5 kg of Nal(Tl)) and for a standard 12.5 cm diameter*7.5 cm

thick Nal(Tl) crystal. The experimental procedure is described in

section 2. In section 3 we present the results in the form of

nomogramö. With these nomograms one can obtain approximate

response functions also for other Nal(Tl) geometries than those

presently used.
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IV-2 THE EXPERIMENTAL PROCEDURE

IV-2.1 Principle of the experiment.

The ideal way to measure the response of Nal(Tl) detectors is

to use a set of intensity calibrated, monoenergetic neutron

sources. Since this ideal set is not available, we adopted an

alternative approach by using a neutron source of continuous

energy distribution and we determined the detector response

function per energy bin.

In this case one needs:

a) a suitable neutron source with broad energy range

b) a detection system to measure the neutron energies

c) an absolute normalization of the neutron flux per energy

bin.

In the present work neutrons were produced by a pulsed 25 MeV

a particle beam (-15 nA) from the AVF cyclotron of the Free
118

University, impinging on a 150mg/ 2 target of Sn stuck to a
c m 118

small carbon beam stop. The main reactions were Sn (a,2ny)
120 12

Te and C (a.xnypy). The neutron spectrum of the first
reaction is expected to be similar to a neutron evaporation

120
spectrum. Furthermore, the nucleus Te is stable, and in

y-spectroscopic studies of this nucleus using (a,2ny) reactions,

no isomeric states with a half-life longer than Ins were observed.
120

The choice of final nucleus Te reduced the off beam Y~ray back-

ground. By using an internal burst suppression system the beam

burst repetition rate was decreased to about 5.5 MHz, with a burst

width of effectively 2.0 ns FWHM. The neutron spectra were

measured by the time-of-flight technique using NE213 liquid

scintillators. The calculated response pDro 72] of these

scintillators was used in order to normalize the relative

detection efficiencies of Nal(Tl) and NE213. This calibration

method is valid, however, only for neutron energies above about

400 keV.
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5"x2 " NE 213

TARGET

BEAU ^ """~ ^ —CC-BEAM

150cm NaI (Tl)

2x
5"x 2" NE 213

b)
TARGET

_+_!
a-BEAM J 150 cm

1 SUMSPECTROMETER
SEGMENT

C)

OC-BEAM

PARAFFINWAX

5 SUMSPECTROMETER
SEGMENTS

150 cm

Fig, IV-1 The experimental set-up with the three different Nal(Tl) crystal

configurations:

a) the 12.5*7.5 en crystal, with one NE213 scintillator (top-view)

b) one segaent of the sunspectrometer (top-view). Two liquid scintillators

are placed symmetrically with respect to the direction of the <-beam

to fulfil the normalization requirements mentioned in the text.

c) five segments of the sumspectrometer (side-view). The two liquid

scintillators are not visible. They are placed in the same position

as in the one segment case shown above.
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IV-2.2 The experimental set-up.

The experimental set-up is shown schematically in fig.IV.l-a-c

for the three Nal(Tl) crystal configurations used in the

experiments. All objects on which neutrons could scatter were

removed as much as possible from the vicinity of the experimental

set-up, so that the target and the detectors were in the centre

of a virtually empty cube of about 7*7*7 m3. The distance between

the neutron production target and the detectors was 150 cm. In

this way it was possible to measure by means of the time-of-flight

technique neutron energies between 30 MeV ( an upperbound given

by the time resolution of the Nal(Tl) detectors ) and 400 keV

< & lower bound given also by the repetition rate of the cyclotron

beam ). The R.F. signal of the cyclotron was used as time

reference.

One or two 12.5 cm*5.1 cm cylindrical liquid scintillators

( NE213 ) were used in the measurements with the standard Nal(Tl)

crystal and with the sumspectrometer segments, respectively, to

fulfil the normalization requirements. The angular distribution

effects in the neutron spectra were reduced by placing the liquid

scintillators and the Nal(Tl) symmetrically with respect to the

direction of the a beam.

IV-2,3 The measurements.

IV-2.3.1 The standard Nal detector and one segment of

the sumspectrometer.

An example of the time-spectrum measured with the NE213

scintillator ( the y-rays are suppressed by means of pulse shape

discrimination [Spe 74j Bia 78] is given in fig.IV.2. A time-

spectrum measured with the Nal (1 segment) is presented in fig.

IV.3. The two spectra were measured simultaneously. The absolute

neutron detection efficiency of the NE213 scintillators was

calculated on the basis of the data from [pro 72j. The electronic
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— • En(MeV)
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r e\i ~-,
ö ^ (M

10

TIME SPECTRUM Nol

150 100 50 0

« — TIME(ns)

150 100 50 O
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Fig. IV-3 The time spectrum of

signals from 1 segment of the

sumspectroraeter with respect to

the beam burst.

Fig. IV-2 The time spectrum of the

NE213 scintillator signals with

respect to the beam burst. The peak

at t = 5 us is due to y-rays not

completely rejected by the pulse-shape

discrimination system. The corres-

ponding neutron energies are indicated

at the top of the figure.

threshold was set at 10% of the pulse height of the compton edge
137

of 662 keV Y-rays from a Cs source, which corresponds to the minimum

minimum detectable neutron energy of about 400 keV. The eventual

loss of valid neutron pulses due to possible malfunctioning of the

P.S.D. was determined by the comparison of NE213 time-spectra with

and without P.S.D. Since this loss of valid events was found to be

4 (3)% for the highest neutron energy bin, and decreased to 1 (2)%

at 1 MeV neutron energy, this effect was neglected.

The time-spectrum between the pulses of the Nal(Tl) and the

beam-burst was divided into 32 slices, 5.5 ns wide, corresponding

to a neutron energy uncertainty of 4 MeV at E =12.5 MeV and
n

100 keV at En=l MeV. The Nal(Tl) pulse height spectra were

recorded in a ( 256*32 channels ) Energy-Time matrix. For

convenience, all Nal(Tl) pulse heights will be converted to

equivalent Y-ray energies.
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10

10
= l1.B(20)

U6 (9)

130 ( 7)

1 2 3 4 5 6 7 8 9

PULSE HEIGHT (equivalent y-ray energy in McV )

Fig. IV-4.a The Nal pulse height spectra of the 12.5*7.5 cm crystal The

spectra correspond to the neutron energy intervals indicated on the right side

(neutron energy in MeV). The amplitudes of the Nal pulses are converted to the

corresponding y-ray energies.

-4.b The Nal pulse heiftht spectra of one segment of the sumspectrometer.

The electronic threshold in the Nal(Tl) pulse height spectra was

set at 350 keV in all runs.

Figs.IV.4-a and b show the pulse height spectra for various

time bins measured with the 12.5 cm* 7.5 cm crystal and with one

segment of the sumspectrometer, respectively. The indicated neutron

energies correspond to bins in the spectrum of fig.IV.2.

The Nal spectra are corrected for not burst related background by

subtracting the pulse height spectrum corresponding to the

20 to 25 ns slice (i.e. the time-slice immediately after the

prompt Y-rays and before ( presumably ) the fastest neutrons) from

the pulse height spectra corresponding to the other time slices.
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•iK. IV-5 Schemai.ii:

Nal(Tl) pulse height

spectrum after irradia-

tion with mono-energetic

( 4 MeV) neutrons. The

leaning of the symbols

is given in the text.

Since this background spectrum had low statistics, only a small

error is introduced by this procedure.

To illustrate what kind of information can be extracted from

this experiment we show in fig.IV.5 schematically the structure of

the Nal pulse height spectrum for an arbitrary neutron energy.

The spectrum consists mainly of an intense low energy component

with a relatively well-defined edge on the high energy side, and

of a low intensity high energy component ( cf. table IV. 1 ). The

small peaks which arise from individual (n,n"Y) reactions are

included in the gross properties of the low energy component.

The following quantities can be determined in order to characterize

this spectrum:

- The centre of gravity of the total spectrum and of the

components 1 and 2, respectively,

- The total area as a function of the number of neutrons,

- The ratio of the areas 1 and 2,

- A characteristic point of the high energy edge of area

1 ( e.g. the position of the half maximum ).

We have determined these quantities for all the Nal spectra

from the amplitude v. time -of-flight matrix, and we normalized

the measured areas to the total number of neutrons in the
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corresponding neutron energy bin. In table IV.2, we summarize

some of the above mentioned quantities for the 12.5 cm*7.5 cm

crystal and for one segment.

IV-2.3.2 Measurements with five segments of the

sumspectrometer.

Though all three measurements have been performed as described

above, one remark should be made about the five segments case.

To be able to compare this measurement with real applications of

the sumspectrometer, i.e. with the target placed in the centre of

the spectrometer, all segments except for the central one were

shielded from the neutron production target with a paraffinwax

wall (cf. fig. IV..1.C ). Since the NE213 liquid scintillators are

positioned close to the Nal, and the NE213 and Nal spectra are

measured simultaneously, the effects of neutron scattering in the

paraffinwax ( which was positioned close to the target ) can be

neglected. In this set-up the amount of Nal from the target was

about the same as in the one segment case. The amount of Nal

as seen by the sideways scattered neutrons in the central crystal

was increased, however, considerably.

The event definition was such that the pulse height spectrum in

the appropriate time-bin was updated only if the central segment

fired. The pulse-height was defined as the hardware sum of the

signals from this segment and from all other segments firing

within 35 ns after the central one. The central segment

determined, of course, the timing, and thus the neutron energy

involved.
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t

Fig. IV-6 The position of the

half maximum of area I ( c f . f i g .

IV.5) v. the neutron energy. The

pulse-height corresponding to

the position of the half maxi-

mum i s converted to the corre-

sponding y-ray energy.

ENEUTR0N (MeV>

IV-3 RESULTS AND DISCUSSION.

IV-3.1 Response functions; nomograms.

The main characteristics of the pulse height spectrum due

to neutron-interactions in a- large Nal(Tl) crystal can be seen

in fig. IV.5. In fig. IV.4 we can see that the position of the

high energy edge of the low energy component of the pulse height

spectrum increases with the neutron energy. This effect is shown

quantitatively in fig. IV.6 where we display the Y~ray energy

corresponding to the position of the half maximum of this edge v.

the neutron energy. Clearly the neutron energy range in which a

linear relationship exists between the E„„ and E increases with
HM ' n

the size of the Nal crystal.
This is a consequence of the fact that multiple scattering of

23 127
neutrons on Na and I is the main process by which the

neutrons lose their kinetic energy in the crystal. On the basis

of the known cross sections for inelastic scattering ( -2000 mb,



in
•n

Table IV.2. Properties of Nal(Tl) pulse height spectra for the 12.5 cm * 7.5 cm crystal and the one segment configuration

(see text) after irradiation with neutrons in the energy-range given in column 1.

Neutror

energy

13.8

9.9

7.4

5.81

4.65

3.81

3.17

2.69

2.30

2.00

1.75

1.54

1.37

o.r.io

(HeV)

- 9.9

- 7.4

- 5.81

- 4.65

- 3.81

- 3.17

- 2.69

- 2.30

- 2.00

-1.75

- 1.54

-1.37

- 1.23

- o.;b0

Centre of

12.5 cm * 7.5

2.31 ( 8)

2.03 ( 8)

1.87 ( 6)

1.68 ( 6)

1.51 ( 6)

1.44 ( 5)

1.39 (6)

1.33 ( 4)

1.26 ( 4)

1.20 ( 4)

1.30 ( 4)

1.30 ( 6)

1.38 ( 8)

2.30 (15)

Gravity (MeV)

cm 1 seqment

3.76

3.95

3.01

2.40

2.13

1.90

1.71

1.59

1.42

1.25

1.15

1.04

1.01

1.82

( 7)

( 5)

( 4)

( 4)

( 3)

( 3)

( 3)

( 4)

( 2)

( 3)

( 3)

( 4)

( 4)

(10)

Half maximum (HeV)

12.5 cm

3.68

3.51

3.15

2.76

2.51

2.48

2.30

2.33

1.97

1.81

1.57

1.37

• 7.5 cm 1 segment

(10)

(10)

( 9)

( 9)

( 9)

( 8)

( 8)

( 8)

( 9)

(10)

(14)

(15)

6.08 (10)

5.56 ( 8)

4.78 ( 8)

4.19 ( 7)

3.70 ( 8)

3.21 ( 7)

2.92 ( 6)

2.58 ( 6)

2.30 ( 5)

2.02 ( 5)

1.68 ( 3)

1.47 ( 3)

1.37 ( 4)

.65 ( 5)

Number

12.5 cm *

0.224

0.176

0.170

0.149

0.122

0.109

0.099

0.078

0.071

0.065

0.043

0.050

•0.043

0.068

of Nal pulses/neutron

7.5 cm

(35)

(20)

(14)

(11)

(in
(10)

( 8)

( 0)

( 9)

( 9)

( 8)

( 8)

( 8)

(11)

1 segment

0.375

0.300

0.290

0.263

0.230

0.224

0.209

0.177

0.177

0.184

0.152

0.158

0.120

0.073

(39)

(30)

(30)

(28)

(25)

(23)

(18)

(15)

(15)

(14)

114)

(13)

(!5)

(18)
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see table IV.1 ) and for elastic scattering ( -4500 mb, see

table IV.1 ) we can estimate that on the average a 4 MeV neutron

loses 90% of its kinetic energy in six inelastic and about 30

elastic scattering events, which can take place within 70 ns.

Such a multi-step scattering process can very well occur in the

larger Nal(Tl) configurations. ( The time constant of the

pulse-height analysing system was set at 1 y s ) .

The second characteristic feature of figs. IV.4 and 5 is

the low intensity high energy bump. The energy of this bump is

close to the neutron kinetic energy plus the neutron seperation
24

energy in either Na ( B = 6 . 9 6 MeV,a . < 10 mb at E > 1 MeV)
12ft n c a p n

or I ( B = 6.82 MeV,0 ^ < 75 mb at E > 1 MeV ) . The origin
n capt "" n

of the bump can be ascribed to the total neutron absorption in

the crystal in either a single step ( n,Y) process or,

more likely, in a sequence of inelastic scattering events

followed by an ( n,y ) reaction. The intensity ratio between the

two components in the spectra given in fig. IV.4 can be reasonably

well explained by the ratios of the cross sections for inelastic

and elastic scattering given in table IV.1. It should be noted here

that capture of thermalized neutrons has a much larger cross

section, but it takes several miliseconds to thermalize a 0.5 MeV

neutron. Thermal neutron capture therefore will add only to the

random background and is removed from our data by the background

subtraction procedure described in section IV.2.3.1.

The response of Nal to neutrons with 0.70(7) < E < 11.5 (1.5)
•» n ~

MeV is summarized in figs. IV.7.a and b for the 12.5 c m * 7.5 cm

crystal and for the 5 segments configuration, respectively.

In these plots we give, as a function of the neutron energy, per

incoming neutron the number of Nal pulses in given pulse height

intervals. With these nomograms one can construct the pulse

height spectrum resulting from the irradiation of Nal(Tl)

crystals with any given neutron spectrum with 0.7<E <13 MeV.
«. n ~

The reconstructed spectrum will consist of 9 channels with
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1 MeV resolution, starting at 350 keV. A better resolution can

be obtained from our data, but for our purpose it was not

necessary te determine the structure of the pulse height

f distribution due to neutrons into more detail.

IV-3.2 An example of application.

As an illustration of how the above nomograms can be used for

correcting experimental data for the contributions of neutrons we

consider the sumspectrometer spectra measured for the reaction

15ONd(12C,xnY)162~XDy at Ei2„ = 95 MeV. At this projectile energy

the 6n and 7n channels are dominant. The angle integrated neutron

energy spectra for both reaction channels have been measured

previously [Hag 8f] .

In a recent experiment ( cf.[Scu 8lJ) we measured spectra

belonging to this reaction with the sumspectrometer in coincidence

with a Ge(Li) detector placed at 180° with respect to the beam

direction. The sumspectra for different reaction channels

( cf. fig.IV.8 ) were produced by setting off-line energy gates

~a the Ge(Li) spectra on peaks due to known transitions in the

final nuclei. From the neutron spectra given by Hageman [Hag. 8l]

and the data from fig. IV.7b we calculate that the chance that a

neutron interacts with the Nal is 18.7%(9) for neutrons in both

the 6n channel, and the 7n channel, with an average energy deposited

per interacting neutron in the sumspectrometer of 1.6(2) MeV and

1.5(2) MeV, respectively. The correction for the average total

y-decay energy measured with the sumspectrometer is given by:

£ = E - Q n k E
corr uncorr

Where E is the measured centre of gravity of the
uncorr

sumspectrometer pulse height distribution,£2 the solid angle

subtended by the sumspectrometer, n the number of neutrons per

reaction, k the probability that a neutron interacts with the
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NaI,E the average energy deposited in the sumspectrometer per

interacting neutron. The total correction is thus for the 6n

channel 1.7(2) MeV, and for the 7n channel 1.9(2) MeV. The centres

' of gravity of the total Y-decay distribution become 18.5(1.2) MeV
1 and 15.5(1.2) MeV, respectively. For comparison we give the results,

;.' of a statistical model calculation for this reaction ( Grogi2,

& [Gil 70] , cf. Chapter I ), yielding E = 16.3 MeV and E = 12.7 MeV
lV for the 6n and 7n reactions, respectively. Though the

">','. values are some 12% too low, we can regard the theoretical results

"•:•'• in satisfactory agreement with the experimental values.

^ IV-4 CONCLUSIONS.

•'. In this study we performed experiments to determine the response

\ if large Nal(Tl) crystals to neutrons with energies typical for

ïeavy ion induced reactions (.70<E < 13 MeV).
-.;. ~ n ~ \

Ve investigated the pulse height distributions and yields for

\ : three different Nal crystals irradiated with neutrons as

'•$! functions of the neutron energy and the crystal size.

; • The effect of the crystal size was studied by comparing the

j neutron response of a circular ( 12.5 cm diameter* 7.5 cm thick )

I Nal crystal and an oblong ( 40 cm length , 8 cm width ) 16 cm thick

v;j crystal. ( cf. fig. IV.1 ). A third experiment was performed on the

:'--i same oblong crystal, sandwiched between similar large Nal crystals.

; " The number of Nal pulses per incoming neutron resulting in a pulse

,% not smaller than that equivalent to a 350 keV y-ray was

determined as 0.10 (1) for the 12.5 cm* 7.5 cm crystal, and

0.21 (3) for both the one segment and the 5 segments set-up.

The average energy per detected neutron was 1.63 (6) MeV for

the standard detector, 2.14 (6) MeV for one segment, and

;\ 2.50 (5) MeV for the 5 segments. These average numbers are,

\.\ however, strongly dependent on the neutron energy spectrum.

One could argue that the differences in average detected energy
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are due to differences in y-ray efficiency of the three crystal

configurations. The shapes of the Nal pulse height spectra

indicate, however, that inelastic scattering of neutrons to levels
23 127

in Na and I is the main interaction process, and that an

important fraction of the neutrons lose their total kinetic

energy via multiple scattering effects. This explains very well

the increase in the average deposited energy with increasing

amount of Nal.

The shapes of the pulse height spectra were strongly dependent

on the neutron energies. In fig. IV. 7.a , b we give therefore,

per neutron, as a function of the neutron energy the number of Nal

pulses in one out of nine pulse height intervals.

On the basis of these nomograms a nine channel Nal spectrum can

be constructed for the Nal crystals described in the text,

and by a crude interpolation procedure for other Nal crystals

of dimensions comparable to those used in the present study.

z 560 .

8 400

2

f

240

80

17.4

1.
7n/V

2 0.2

'~ \
\

\ \
/y G ( 6 n ) \

/ / 1
—^ | * 1

XN

6n
\

\
\

*S 1 ^ 1
1C 20 30
— • ENERGY (MeV)

Fig. IV-8 The experimantal sumspectra for the reactions Nd ( C,7nY) Dy

( drawn line ) and 150Nd (12C,6nY) 156Dy ( dashed line ). The arrows labeled

17.4 and 20.2 indicate the centres of gravity of the experimental spectra; the

arrows labeled G(7n) and G(6n) indicate the calculated centres of gravity of

the entry populations ( Grogi2 }.
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C H A P T E R

L

BAND STRUCTURES IN

Abstract: The level schemes of ""-'-"Te were investigated using Sn(ï. 2ny)Tc reactions and employing
standard y-rav spectroscopie techniques. Definite spin and parity assignments could be made
for many newly found levels. The excited states can be classified into two categories. Collective
quadrupole excitations on the ground states are compared with results of calculations which
are performed with the IBA-2 model. High spin proton and neutron quasi particle excitations are
interpreted within the framework of the one-broken-pair model. Although it is apparent that
configuration mixing is non-negligible at spins J* g 6". excitation energies of many levels are
well accounted for either by the IBA-2 calculations or bv the quasiparticle calculation. Several states
have been excited belonging to bands based upon the quasiparticle stales. Branching and
mixing ratios of the depopulating y-rays agree with this interpretation.

NUCLEAR REACTIONS """HSn<*. 2n>. E = 22 33 MeV: measured E. I. ;;ii).
<r(E .0). /«• linear polarization. " 8 i l20Te deduced levels, J. n, y-branching. 6. Enriched
targets. Ge(Li). Si(Li) detectors. Nuclear . structure calculations. IBA-2. broken pair

model.

1. Introduction

v-

The neutron-proton interaction is known to play a dominant role in quadrupole
correlations in nuclei. As a consequence the excitation energies of collective quadru-
pole excitations in nuclei near a closed shell are strongly dependent on the number
of nucleons outside the closed shell.

The even mass Te isotopes have only two protons outside the closed Z = 50 shell.
The collective nature of some low-lying states in the even mass Te isotopes is well
established from radioactive decay work and previous reaction studies. The inter-
pretation in terms of a collective model is given in refs. ' ~5).

Information on high spins however is scarce. In the lighter Te isotopes with A
g 120 only the ground-state bands have been excited up to the J* = 8+ states.
In the heavier Te nuclei some additional levels are known which have been inter-
preted as two-quasiparticle excitations. The experimental picture is however far
from complete.

Proton and neutron two-quasiparticle states having positive as well as negative

Nuclear Physics A38O(I982) 125-146
© North-Holland Publishing Company
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Fig. la. Gamma-ray spectrum of the "6Sn(a, 2ny)"8Te reaction at E, = 32 MeV in prompt coincidence with the beam burst.
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parity and spin up to J" = 10+ and J" = 9 respectively may be expected to appear
systematically in the even Te isotopes. If neutron configurations are dominant in
the wave functions of the lowest quasiparticle states, the systematic trend of their
excitation energies should be similar to the even mass Sn isotopes.

Here we report on ap extensive study on high-spin states in " 8 12nTe. In addition
to the quadrupole excitations on the ground states several side bands based on two-
quasiparticle states have been excited. Although the effect of the underlying fermion
structure is noticeable on the collective excitations in some cases, one generally can
classify the levels rather well in collective states and two-quasiparticle states. This
allows us to make a comparison of the experimental data obtained for the quadrupole
excitations on the ground state and those obtained for the two-quasiparticle states
with calculations made with a collective model and a microscopic model, separately.
The collective model we used is the IBA-2 model, and the microscopic model within
which the data were interpreted is the one-broken-pair model. We will only give a
qualitative description of the levels on top of the two-quasiparticle states.

The neutron midshell nuclei " 8 ' 120Te have been selected for this study in order
to be most sensitive to a possible signature of quasi-rotational bands based upon
proton particle-hole excitations. Bands based on deformed proton 1 p-2h and 2p-2h
states have been identified in the neighbouring odd Sb and even Sn nuclei, respective-
ly. We found no'evidence for this excitation mode in U 8 120Te.

2. Experiment and results

2.1. EXPERIMENTAL PROCEDURE

The experiments were performed with a-particle beams from the AVF cyclotron
of the Vrije Universiteit in Amsterdam. The targets were self-supporting foils of
116Sn and 118Sn with a thickness of 5 ±0.5 mg/cm2 and 0.7 + 0.1 mg/cm2 for y-ray
and conversion electron measurements, respectively. Relative excitation functions
of y-rays were measured for particle energies of 22-28 MeV in steps of 2 MeV. The
y-ray spectra were taken with a 90 cm3 closed end coaxial Ge(Li) detector, a 30 cm3

pure Ge detector and a planar Ge X-ray detector, positioned at angles of 125°,
235° and 53° with respect to the beam direction, respectively. Efficiency and energy
calibrations were performed with standard sources.

Figs, la and Ib show examples of single y-ray spectra for the reactions ' l6Sn +
32 MeV a's and ' ' 8Sn+28 MeV a's, respectively, and figs. 2a and 2b show the excita-
tion functions of a number of selected y-rays assigned to " 8 T e and 120Te. The
normalisation of the excitation functions was performed with the X-rays of " 6 • ' ' 8Sn
using well-known X-ray production cross sections 6).

Three-parameter y-y-Ai coincidences were measured using two large-volume
Ge(Li) detectors. \The level schemes of " 8 T e and 120Te were constructed on the
basis of coincidence data taken at x-bombarding energies of 25 and 33 MeV. About



65

20 24 28 20 24 28 20 24 28 20 24 28

• a-ENERGY (MeV)

Fig. 2a. Excitulion functions of a number of relevant y-rays assigned to "8Te.

10"

m
'E

>
1.
O
L

B
O

10

Q 10

r

560 4
601 1

1059 1
295 5

6408 (»10)

201. l* lOi
65'5 l * 1O

20 24 28 20 24 28 20 24 28

• a-ENERGY ( McV)

Fig. 2b. Same as fig. 2a, but for 120Te.

20 24 28



in o» ID
o* IN m

560 keV

849

100

. •. { 6 6 7

500 1000 1500 2000 2500 3000
•CHANNEL NUMBER

0)
0>

Fig. 3. Coincident spectra for a' number of transitions in 12"Te (top) and " 8 Te (bottom). The arrows indicate the positions of the gates. The spectra are
corrected for background and accidental coincidences. The vertical scales are identical for all four spectra in a frame.
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u

7x I06 coincident events were stored on magnetic tape for the reaction n 8 S n + 33
MeV a's, and about 4x 107 events were recorded in the other experiments. In fig.
3 some coincident spectra of-/-rays assigned to " 8 T e and 120Te are shown. The
spectra are corrected for background and accidental coincidences.

To obtain information about possible isomeric states, the time relation between
-/-rays and the beam burst has been investigated. Two methods were used to look for
half-lives in different time regions:

(i) -;-At spectra were taken using the r.f. signal of the cyclotron as time reference.
The measured slopes of the time distributions did not yield evidence for delayed
transitions with a half-life T± ̂  1.5 ns in the energy range between 150 and 1500
keV.

(ii) "/-rays with half-lives T± < 1.5 ns were investigated by measuring the centroid
of their time distribution. By careful tuning of the cyclotron a beam burst as small
as 0.75 ns FWHM was obtained. In this experiment a J* = 8" isomer at 3189.2
keV excitation energy was identified in n 8 T e , which decays with a half-life of 0.23
(8) ns by a 189.4 keV -/-ray to the J" = 1' level at 2999.8 keV. In fig. 4 the centroid
of the time distribution of the 189 keV -/-ray is displayed, together with the centroids
of the time distributions of some pure Ml transitions in 105Ag which are assumed
to be prompt 7). The time distributions of the -/-rays of 105Ag and ' ' 8Te were mea-
sured simultaneously.

For 120Te, conversion electrons were measured with a mini-orange spectrometer
and a Si(Li) detector in the energy range 450 ^ £.. ^ 1300 keV. A y-ray spectrum was
recorded simultaneously with the electrons. The calibration of the spectrometer
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Fig. 4. Centre of gravity of the time distributions of y-rays from 105Ag (filled dots) and "8Te (open
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TABLK 1
Properties of y-rays assigned to 8Te

£ (keV)

I89.43(

329.33(
2)
3)

400.69(10)

407.20(10)

445.25(
447.40(
461.00(
475.83(
496.00(
540.6 (
545.12(
551.6CK

600.7K
605.71(

6I4.42(
635.21) (
665.2 (
667.19(
692.05(
696.4 (
700.86(
727.29(
729.63(
737.94(
741.17(
753.06(
761.18(
769.26(
773.97(
786.02(
812.09(
826.19(
835.17(
849.32(
849.3 (
849.6 (
859.4 (
860.6 (
870.79(
886.55(
903.43(
943.74(

1098.6 (
1106.0 (
1150.7 (
1161.2 (
1178.9K
1286.1 (

5)
5)
8)
7)
9)
1)
3)
5)

2)
2)
2)
8)
1)
5)
4)
1)
5)
7)
9)
5)
7)
3)
5)
7)
4)
3)
4)
4)
5)
3)
2)
2)
1)
1)
3)
9)
9)
4)
2)
3)
2)
1)
9)
2)

/ . r e

3.07(
7.2N
2.68(
1.8 (
0.8 (
0.70(
1.81(
1.70(
1.20(
l.06(
2.0 (
1.01 f
5.97(
6.75(

85 (
100
61 (
0.63(
0.41 (
1.88(

1.*)

6)
9>
8) c)
2)d)
l)d)
5)
4)
5)
8)
5)
1)
5)
9)
9)')

2)

1)
6)
6)
9)

2.95(10)
1.85(
l.82(
l.63(
l.55(
3.6 (
II (

26.5 (
0.86(
1.45(
1.I4(

11.2 (
2.20(
4.87(
l.68(

10.79(
9.7 (
11 (
3.0 (
11 (
2.26(
1.1 (
0.46(

11.0 (
1.2 (
2.1 (
1.6 (
19 (
7.1 (
1.5 (

9)
8)
7)
8)
1)
1)
9)
5)
9)
4)
5)
7)
8)
5)
3)')
2)d)
2)d)
2)")
l ) d )

8)
1)
8)
4)
2)
2)
1)
1)
1)
1)

/)2.exp.

0.09 ( 2)
0.38 ( 2)

-0.13 ( 4)
(-0.17)

-0.05 ( 3)
0.40 ( 7)
0.31 ( 3)
0.29 ( 5)

-0.36 ( 3)
0.27 ( 4)
0.20 ( 3)
0.32 ( 4)

-0.03 ( 1)
0.31 ( 1)

0.306(11)
0.269( 8)
O.32K 8)
0.39 ( 7)
0.59 ( 9)
0.34 ( 5)
0.26 ( 3)

-0.15 ( 2)
0.15 ( 3)
0.41 ( 4)
0.24 ( 4)
0.36 ( 2)

-0.017(60)
O.330( 9)
0.39 ( 4)

-0.21 ( 3)
0.39 ( 5)
0.327(11)
0.34 ( 3)

-0.17 ( 2)
0.37 ( 4)
0.26 ( 1)
0.31 ( 1)

(-0.16)
0.32 ( 5)

(-0.24)
0.35 ( 3)

-0.42 ( 5)
0.47 (13)
0.29 ( 1)

-0.69 (20)
-0.33 ( 3)

0.10 ( 3)
0.22 ( 3)

-0 .16 ( 1)
-0.61 ( 7)

A^ exp.

0.02 ( 3)
0.01 ( 2)

-0 .06 ( 6)
(0.00)

-0 .2 ( 2)
-0.1 ( 1)
-0 .03 ( 4)
-0 .04 ( 4)

0.06,( 7)
-0 .22 ( 9)
-0 .04 ( 4)
-0.05 ( 6)

0.01 ( 2)
-0.06 ( 2)

-0.076(18)
-0.071(15)
-0.089(16)

0.12 (10)
0.08 (16)

-0 .09 ( 7)
-0.08 ( 4)

0.03 ( 4)
-0 .06 ( 5)
-0 .14 ( 6)
-0 .14 ( 7)
-0 .12 ( 3)

0.04 ( 8)
-0.104(16)
-0 .14 ( 8)

0.01 ( 6)
-0 .12 ( 7)
-0 .10 ( 2)
-0 .07 ( 4)

0.02 ( 2)
-0 .07 ( 5)
-0 .09 ( 2)
-0.09 ( 2)
(0)

-0.17 ( 8)
(0)

-0.08 ( 5)
0.10 ( 7)
0.2 ( 2)

-0 .09 ( 2)
0.5 ( 3)

-0.01 ( 4)
0.05 ( 6)
0.24 ( 5)

-0.01 ( 2)
0.18 ( 7)

/>. exp.

-O.57(
0.70(
0.17(

(0.24)

9)
5)
7)

0.01(25)
0.7 (
0.9 (
0.4 (

2)
2)
2)

0.24(10)
0.9 (
0.08(
0.4 (

-0.05(
O.53(

0.57(
0.46(
0.58(
1.2 (
_

2)
5)
3)
2)
3)

2)
2)
3)
6)

0.33(15)
0.8 (
0.4 (
0.4 (
0.3 (
0.9 (
0.7l(
0.6 (
0.72(
0.5 (

1)
1)
1)
3)
3)
8)
2)
5)
9)

-0.17(19)
0.4 (
0.74(

2)
5)

0.78(10)
0.25( 5)
0.25(10)
0.56(

O.32(

0.6 (
0.5 (
0.0 (1
0.59(
0.3 (
0.5 (
0.2 (

-0 .1 (
O.38(
0.7. (

5)

8)

1)
1)
•2)

8)
2)
2)
2)
2)
8)
4)

J, -*

8"
6*

9"
14. 15

12"
10'
6*
9~
5*
4*

i r
2*
4*
7*
4*
2*
6*

11.13
51*'.
9*

JO-

(10,12)-
12*
13"
i r
3*-
8*-

II*-
7*-

14*-
10*-
12*-
9~-

8*, 10*-

8*-

J,

- 7"
- 6*

- 8*
- 1 4 *
— 10"
- 8*
- 4 '

-18*
- 3*
- 4*
- 9"
- 2*
- 2*
- 5*
- 2*
- 0*
- 4*
- i r
- 4*
- 7*
- 8 '
- 6*
- 1 0 -
- 1 0 *
-11 "
- 9"
- 2*
- 6*
- 9*
- 6*
-12*
- 8*
-.10*
- 8*
-.10*

- 6*
7 - - 6*

12*-
i r -

-.10*
-10*

1 0 * - 8*
9 " - 8*

(12,14)*--14*
6 * - 4*
7 * - 6*
9~- * 8*
2*-. 0*
5 * - 4*
7"-* 6*
3 * - . 2*

Multipol.

M1,E2
MIE2

El

E2
E2
E2

El M2
E2

Ml EC
E2
E2
E2
E2
E2
E2
E2

MI/E2, E2
MI/E2

E2
E2
El

MI/E2. E2
E2
E2
E2

MI/E2
E2
E2

MI/E2
E2
E2
E2
El

MI/E2. E2

E2
EI
E2
El
E2

EI/M2

E2
M1/E2

El
E2

MI/E2
E1/M2
M1/E2

+0.20*!!^
+0.01:8:8?

-0.07:8.8*

+ i.o:8:2

+ 0.9!o J

(-o.53:8:ij)

_ 9 5* 4.0

0.00:8:*»

(0.618:1)

-o.O7*8:&

-2.3*?:?

+ 7.2*?J
+0.0418:81

1 7+"0.2
— l - ' - o . i

') The intensities are given relative to the intensity of the 605.7 keV transition, at E,
b ) Sign convention of Krane and Steffen.
c) Total intensity and angular distribution data of unresolved multiplet.
d) Intensity derived from the coincidence data (see text).

32 MeV.
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TAW I 2
Properties ol ,-rays assigned to '2"Te

E (kcV)

111.63(3)
201.89(3)
242.97(3)
295.51(3)
325.04(3)
356.56(4)
394.08(7)
416.26(7)
425.23(3)
526.40(9)
542.82(8)
560.44(2)
601.11(2)
613.X (4)
614.62(4)
640.85(5)
653.54(5)
662.0 (1)
671.43(5)
686.65(5)
6X9.65(7)
704.77(7)
711.3 (1)
712.0 (2)
721.21(6)
725.8 (1)
728.61(5)
743.65(6)
746.77(6)
762.80(5)
837.79(5)
876.73(4)
890.63(7)
914.3 (1)
916.2 (1)
974.64(8)

1040.02(6)
1059.10(7)

(! 103.2 (2)
1122.93(8)
1164.05(9)
1201.2 (1)
1254.36(9)
1299.8 (1)
1303.1 (2)
1358.6 (2)
1364.1 (1)

/ . rel. •

1.751 7)
O.77( 4)
l.35( 5)
2.39( 9)
6.4 ( 2)
1.50( 4)
().57( 4)
l.33( 7)
7.0 ( 2)
0.7 ( 2)
0.55(10)

KM)
94 ( 2)

d) 1.0 ( 3)
") 67 ( 2)

3.7 ( 2)
1.15( 7)
0.97(10)
2.85( 9)
0.77( 7)
0.7X1 7)
l.22( 8)

°) 13 ( 2)
") 1.2 ( 2)

4.2 ( 1)
l.38< 9)

<..'• ( 2)
2.1 ( 1)
2.9 ( 1)
I.I7( 7)

11.6 ( 7)
25.9 (12)
4.6 ( 3)
1.211 9)
0.8l( 7)
0.43( 9)

12.6 ( 6)
3.4 ( 1)

<))<0.5
5.0 ( 3)
3.7 ( 4)
10 ( 1)
3.7 ( 3)
2.5 ( 2)
0.6 ( 2)
0.5 ( 2)
2.0 ( 2)

) A,. c*p.

0.13
-0.37

0.57
0.20
0.38
0.29
0.35 (

-0.59 (
0.40 (

2)
5)
3)
2)
1)

4)
9)
6)
2)

0.18 ( 9)
-0.06 (13)

' 0 295(12)
0.318(13)

' H 0.340(13)

-0 .09 ( 2)
-0.03 ( 5)
-0.01 ( 6)

0.40 ( 5)
0.49 ( 8)
0.50 ( 9)
0.37 ( 5)

' * | 0.35 ( 2)

-0.27 ( 5)
0.28 ( 4)
0.35 ( 2)
0.19 ( 3)

-0.26 ( 2)
0.13 ( 6)
0.34 ( 2)
0.36 ( 1)
0.38 ( 2)

-0.16 ( 6)
0.33 ( 8)
0.04 (14)
0.30 ( 2)
0.40 ( 2)

-0.18 ( 2)
-0.96 ( 2)

0.01 ( 7)
-0 .24 ( 3)
-0.21 ( 5)
-0.04 < 9)

0.44 (10)
0.17 ( 4)

At. cxp.

0.(13 ( 3)
-0.05 ( 7)

0.13 ( 5)
0.01 ( 4)
0.05 ( 3)
0.12 ( 6)
0.05 (12)
0.12 ( 9)

-0.02 ( 2)
0.26 (15)

-0 .1 ( 2)
-0.068(13)
-0.070(14)

-0.086(16)

0.03 ( 3)
-0.10 ( 9)

0.07 ( 9)
-0.13 ( 6)
-0.17 (13)
-0.30 (15)
-0.14 (11)

-0.21 ( 5)

0.07 ( 5)
-0.05 ( 6)
-0.12 ( 2)

0.00 ( 5)
0.02 ( 3)
0.13 ( 8)

-0.05 ( 5)
-0.09 ( 2)
-0.13 ( 3)
-0.09 ( 9)
-0.15 (12)

0.32 (19)
-0.07 ( 2)
-0.03 ( 2)

-0.02 ( 3)
0.07 ( 4)
0.03 (13)

-0.02 ( 4)
-0.04 ( 6)
-0.02 (17)

0.04 (16)
0.02 ( 7)

P . exp.

-1 .0 ( 2)
-0.74(10)

0.42( 5)
-0 .7 ( 2)
-0 .6 ( 1)
-O.I3( 7)

().64( 6)

0.47( 4)
0.51( 3)

0.56( 4)

0.0 ( 1)

0.2 ( 1)
0.92( 9)

0.6 ( 4)

0.9 ( 2)

0.30( 5)

O.75( 6)
0.03( 11)
0.4 ( 1)
0.34(13)
O.72( 6)
0.81( 5)
0.9 ( 1)

0.90(10)
0.9 ( 2)

0.5 ( 1)
-0.03(12)

0.6 ( 2)
0.1 ( 2)

0.6 ( 4)

>* x , 0

5.5(4)
4.1(3)

3.8(3)

4.4(9)

3.4(5)

2.2(5)

0.8(2)

1.7(5)
31(6)
0.9(2)
2.7(7)
15(1)
16(1)
1.6(2)

4.7(7)
1.4(1)
1.5(3)

>4.7
0.6(1)
13(2)

<0.4
<0.5

<1.3

X -
8 -
X —
9 ' -
1 0 ' -
10' -
ir -
6 -
6" —

( 1 5 ) -
11 -
2 ' -
4 ' -

< 4 ' -
6 ' -
2 ' —
4 ' -

( 2 . 3 C -
10 —

II -
12 -
6' -

1 0 ' -
II -
9 -

(12. 1 4 ) ' -
1 2 ' -
6 ' -
9 -

2 * . 4 ' —
8 * -
8 * -

1 0 * -
8 . 9 -
1 2 * -

6 * -
8 * -
0 * -
7 " -
7 * -
2 * -
7 -
5~ —

( 3 ) -
6 * -

2\4*-

7
7 '
7
X'
8 '
9*

10*
5
6 '

14-
10'
O'
2'

4 '
4 '
4 '
•» •

8
9

10
4 '
8*
9

8 '
12'
10'
6 '
8 '
4 *
6 '
6*
8*
8*
0*
2*
4*
6*
0*
6*
6 +

0*
6*
4*
2*
4*
2*

Multipel

M l E2
El M2
M l E2
M l E2

E2
Ml E2
M l E2
M l E2
M l E2

El
E2
E2

) (E2)
E2

Ml E2
Ml E2

(MI E2)
E2
E2
E2
E2
E2
E2
El

(Ml )E2
E2

Ml E2
El

(Ml )E2
E2
E2
E2

E2
EO M l E2

E2
E2
EO
El

Ml E2
E2
El
El

E2
(MI;)E2

*»>

0.20','
- 0.09'!

i .o •::
+ 0.25'!

•

+ 029' !
+ 0.40'!
-0.25-;
+ 0.14'!

-0.92'ó

om
0 "

0 4

(Ut

14
OH
-*W

! ! "

SS
-0.56'!,';?

0.90 ' S ? ü

( - 0.31",

< -0.05

\)

-0.45 "Zïl

0.17*8:

(-0.14!°,;

") The intensities are given relative (o the intensity of the 560.4 keV, at £ , = 28 MeV.
b) Sign convention of Krane and Steffen.
c) Intensity derived from the coincidence data (see text).
d) The experimental data are those of an unresolved doublet.
') No -/-intensity observed, placement on the basis of conversion electron data (see text).
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was performed with the conversion coefficients of a number of well-known transi-
tions in "°Ag, ' " C s . 2ll7Bi and l52Eu. The results are tabulated in table 2.

The measurement of the angular distributions of the /-rays was performed in three
independent runs with a large (93 cm') true coaxial Ge(Li) detector at six angles
between 90° and 154°. The /-ray spectra were normalized on well-defined peaks in
monitor spectra taken simultaneously with another Ge(Li) detector positioned at
270°. Correction for the dead time of the data acquisition system was done with
-/-peaks from radioactive sources stuck to the two detectors. The angular distribution
coefficients were obtained by fitting the following expression to the experimental
/-intensities:

N(0) = N„{1 +Q2A2P2 icosO) + Q+AAPib:os()\l

The resulting A2 and .44 coefficients are tabulated in tables 1 and 2 for llMTe and
12"Te, respectively. The "/-ray intensities given in these tables are deduced from ihe
value of M>- The a bombarding energies were 28 MeV for the measurements on ' ' *Te.
and 32 MeV for 12<lTe. At the same a-energies the linear polarization of the /-rays
was measured with a three crystalCompton polarimeter. The 30 cm' coaxial pureGe
detector was placed under 90° as scatterer. with two 90 cm' Ge(Li) detectors as
absorbers. The coincident events between scatterer and (one of the) absorbers were
recorded on magnetic tape in an event-by-event mode, together with the time relation
between the event and the beam burst. A detailed description of the experimental
set up and the calibration and analysis procedures can be found in ref. ").

In a grid search with the mixing ratio <> and the width of a gaussian distribution
of the magnetic substate population as parameters, theoretical expressions for the
angular distribution and linear polarization of /-rays emitted from a partially
aligned nuclear state were fitted to the experimental data. Unambiguous spin and
parity assignments, on the basis of a 99.9 "„ confidence limit, were made for a large
number of relevant levels in both nuclei. A more detailed discussion on some of the
assigned spins and parities will be given in subsects. 2.2.2 and 2.2.3.

2.2. THE LEVEL SCHEMES

2.2.1. General. The level schemes of ' ' 8Te and ' 20Te are displayed in figs. 5 and 6.
respectively. From previous (a, .vn) investigations the yrast levels up'to the f = 8,+

states were known for both nuclei [cf. refs. * " ' ' ) ] . Some other states with excitation
energies below 2500 keV and spins 7 ^ 6 have been identified in the decay of
118. llSmj a n ( J 120. 120mj a m j m S b ( p ^ a n ( j j e ( p ( ) r e a c t i o n s [ r e f s 12-14. 3)]

A preliminary report on the levels of 120Te found in this investigation has already
been given in ref. 16). During the course of this study Piel et at. have reported on the
preliminary results of an independent study on high-spin states in even Te isotopes ' 7 ) .

The general procedure followed for spin and parity assignments has been out-
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(15.14)

14+-
U*

r
4007
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52T<266

(11.13)

l i A l i l l 1 2 * l l l T , . i

Fig. 5. The level scheme of "8Te.

lined in subsect. 2.1. Unique spin assignments were made to almost all levels with
spin Jn ^ 6 + . In a few cases, e.g. the sequence of AJ = 1 transitions on top of the
J* = 8+ level at 2835 keV in l 20Te (cf. fig. 6), it has been assumed that high-spin
states subsequently decay to levels with a lower spin. In this way the assignments
Jf = J; + 1 which are unlikely on the basis of decay properties and excitation functions
were excluded. Similar arguments were used in the assignments to levels at 4138,
4582 and 4868 keV in U 8 Te (fig. 5) and to levels at 4459 and 5345 keV in l 2 0Te
(fig. 6).

The levels with spin J > 6 predominantly decay (directly or indirectly) to the
J" = 6,+ , 62 states, and subsequently to the J* = 4*, 2,+ states and the J" = 0+

ground state. As a consequence, other levels with spin J ^ 6 are only weakly populated
and hence unique spin and parity assignments could not always be made to the
latter levels. In the following sections we will discuss some details of the assignments
to these levels in 118Te and 120Te, respectively.

2.2.2. The nucleus lieTe. From the 34 levels of U 8 Te displayed in fig. 5, 26 were
newly found in this study. Spin assignments to the known levels [see refs. 9> l0> 1S-
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Fig. 6. The level scheme of 120Te.

3-18)] e.g. of 2 + , 2 + , 4 + , 4 + , 6 + , 5" and 8 + t o levels at 605.7,1150.8,1206A 1702.4,
1820.9, 2517.2 and 2573.9 keV were firmly established. In the present study we
found no evidence for a level at 934 keV. This level is proposed in refs. 12- '*) on the
basis of its decay by a 328.5 keV y-ray to the 2f level. The strong 329.3 keV y-line
we have observed has been assigned definitely to depopulate the level at 2150.2 keV.

The level at 1891.8 keV which had been established already in decay studies l 5)
and via the I21Sb(p, 4ny) reaction I8) is found to be the band head of a A J = 2 band
with members at 1892,2368,2919,3587 and 4348 keV. The 476,552,667 and 761 keV
transitions which connect these levels are all coincident with each oth jr. The prop-
erties of these y-rays together with those of the 1286, 741, 1161, 1099 and 769 keV
transitions between members of this band and the ground-state band, uniquely
establish spins and parities ƒ" = 3 + , 5 + , 7 + , 9 + and 11+ for these 5 states. As an
illustration the x2 analysis of the angular distribution and linear polarization for the
741 and 1286 keV transitions is shown in fig. 7.

The analysis of the angular distribution of three y-ray doublets i.e. of the 400.7,
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-90 -60 -30 O 30
aretg 6

60 -60 -30 O 30
arctg 6

Fig. 7. Least squares analysis of the angular distribution and linear polarization data of the 741 keV
and 1286 keV transitions in ' "Te. The normalized y2 of the fit is plotted as a function of arctg S. Only
the results'for Ml plus E2 and E2 radiation are shown. The 99.9 "„ confidence limit for 4 degrees of

freedom is given by the dashed line.

849.5 and 859.5 keV lines has to be discussed in more detail. Fortunately one com-
ponent of each doublet connects levels with known spin and parity. It was thus
deduced from the level scheme that one transition of each doublet has an E1 character.
Furthermore, the relative intensities of these El components were obtained from the
coincidence spectra. The y-ray intensity at each angle could thus be corrected for
the contribution of the El transition. The angular distribution of the resulting second
component of the 849.5 and 859.5 doublets clearly indicates an E2 multipolarity
for these transitions. The residual part of the complex 400.7 keV peak after sub-
traction of the El component is rather weak, and it cannot be excluded that this
complex peak is a triplet. Hence, no assignment for the residual transition(s) could
be given.

2.2.3. The nucleus iZ0Te. In fig. 6, showing the level scheme of l20Te, 27 levels
are displayed which are found in this study, together with 9 levels which have
been reported earl >r 9 > 1 2 ' 1 4 j ) . Except for the J" = 8+ state at 2653 keV, all these
already known states have spins J ^ 6. As we pointed out earlier in subsect. 2.2.1
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most of the lower spin states which do not belong to the ground-state band were
only weakly populated in this.study. Therefore we will elucidate our spin assignments
to the known levels at 1103, 1201, 1535 and 1863 keV, and discuss the placement
of the newly found low-spin states at 1815. 1924 and 2520 keV explicitly.

The placement of the 1103 ke V level is based on a weak 542.8-560.4 keV /-coin-
cidence relation. Evidence for a 1103 keV E0 transition, as was claimed by ref. ").
could not be found in our data. Although the conversion electron spectrum indicates
a 1071 keV line which corresponds to 1103 keV transition energy in 120Te. this elec-
tron line can be attributed as well to Sb since a corresponding (weak) y-ray of 1102
keV has been observed in the y-ray spectrum.

The assignment f = 2+ to the level at 1535 keV is primarily based on the large
value of the conversion coefficient of the 975 keV transition, indicating an E0
component in this transition. The angular distribution of the 975 keV -/-ray agrees
with this assignment.

The MI/E2 character of the 763 and 1364 keV -/-lines determines the positive
parity of the level at 1924.4 keV. The experimental data do not, however, allow an
unambiguous spin assignment. The two-possible spins for this level are J" = 2 +

and4 + .
The assignment J" = 2 + , 4+ and 6+ to the sequence of levels at 1201, 1815 and

2520 keV respectively, is based on the (99.9 "„ confident) assignment of J" = 6 +

to the 2520 keV level. The stretched E2 character of the 705 keV transition between
the 2520 keV and 1815 keV levels determines the spin oftheiatter level as f = 4 + .On
the basis of the lifetime measurements we can exclude L = 3 or higher multipole
orders for the 613.8 keV transition which connects the f = 4+ (!815 keV) level and
the level at 1201 keV, and for the 1201.2 keV transition which depopulates the latter
level. Therefore the 1201 keV level should have a spin 7 = 2 , and most likely a
positive parity. Our assignment J" = 4+ and J" = 2+ to the levels at 1815 and 1201
keV is in agreement with refs. i 2 t 14> 15' 3).

Finally, no firm assignment could be made for the level at 1863 keV. but the data
support J" = (3, 4)+ as is proposed also in ref. 18).

3. Discussion

3.1. GENERAL

The level schemes of 1 1 8 1 2 0 Te displayed in fig. 5 and 6 are rather complex.
Nevertheless one can divide qualitatively the levels into two subgroups, i.e. (i) the
levels which can be described as collective quadrupole excitations on the ground
state; (ii) two-quasiparticle states either of protons or of neutrons, and levels which
constitute bands on top of these quasiparticle states.

Both excitation modes are apparently mixed at expiation energies above the
pairing gap, and consequently the regular band structures are disturbed. A full
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account of the observed level pattern would require therefore a calculation which
incorporates the following features:

(a) a model to describe the collective degrees of freedom (e.g. IBA-2);
(b) a proper calculation of two-quasiparticle energies (e.g. the one-broken-pair

model);
(c) an adequate treatment of the coupling of two-quasiparticle configurations

to the collective motions of the core.
Since such a calculation was not feasible, we made an attempt to understand

the main characteristics of the level structures of both nuclei by comparing the
experimental results with calculations performed with the IBA-2 model | l)) and with
the one-broken-pair model 20) separately. Only a qualitative interpretation will be
given for the properties of the bands based on top of the two-quasiparticle states.

.1.2. COLLECTIVE QUADRUPOLE EXCITATIONS ON THE GROUND STATES

The levels shown in fig. 8a are interpreted as quadrupole excitations on the ground
states of " 8 T e and l 20Te. The ground-state bands are excited up to the J* = I4+

state in " 8 T e and the J" = 12+ state in 120Te. The excitation,energies and decay
properties of the 2t and 43

+ states in ' ' 8Te and of the 02
+, 21, 2j and 43

+ states in
120Te strongly suggest that these levels can be ascribed to collective excitations of the
core too. In the vibrational picture these levels may be considered as members of the
two-phonon and three-phonon multiplets. The regular band structure on top of the
f —- 3* state in 118Te has been included in the partial level scheme of fig. 8a too,
although the properties of this band cannot be brought in complete agreement with
the vibrational picture, as will be discussed later.

To account for the collective mode of excitation which gives rise to the ground
state band and the above-mentioned non-yrast states, we performed calculations
with the IBA-2 model. Details of the model can be found in ref. l 9 ) . The parameters
used in the calculations were obtained by extrapolating the values used in the IBA
description of the even Xe, Ba and Ce isotopes 21). These extrapolated parameters
are:

" 8 T e

EJ = c'j = 0.82

Ka = - 0 . 1 3

X, = - 0 . 5

X, = - 0 . 4

c;,= -o.2,n =

MeV

MeV

MeV

MeV

= -0.12, c\ = o.o

U0Te

ej = ei = 0.78 MeV

Kj= -0.137, MeV
X, = -0.5 MeV

/ , = -0.3 MeV

C„ = -0.05, C5 = -0.12, Q = 0.0

Only the parameter^ which determines the strength of the interaction between two
neutron d-bosons coupled to L = 4 was slightly varied to obtain a best fit to the
experimental energies. The effect of this term is sizable only in nuclei where one
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Fig. 8(a) Quadrupole excitations on the ground states of "8Te and 120Te. selected on the basis of their
experimental decay properties, (b) Energy levels in "8Te and '20Te calculated with the IBA-2 model.

has just a few proton bosons (one, in the case of Te), and many neutron bosons.
A value for the parameter Q can thus not be obtained by extrapolation from adjacent
nuclei. The fitted value was Q = -0.04 MeV in l l 8 Te and Q = -0.01 MeV in

As a check on this set of parameters the excitation energies of the ground-state
bands of 1 J 4 - 1 3 0 Te were calculated. The results reproduce the experimental data
quite well.

In fig. 8b the calculated excitation energies for 1 1 8 1 2 0 Te are displayed. The
agreement with the experimental excitation energies is satisfactory, the average
difference being 60 keV (118Te) and 70 keV (120Te). There are, however, clear
indications that a collective model based on s- and d-bosons only cannot account
fully for the experimental spectra. The excitation energies of the levels of the ground-
state bands show small but distinct deviations from the regular pattern one would
expect for pure quadrupole excitations. This can possibly be attributed to mixing
of two-quasiparticle configurations with J > 2. In a recent microscopic calculation
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on the termion structure of collective degrees of freedom in the Te and Xe isotopes,
Akkcrmuns el ul. 2") have found thai, in particular, broken pairs coupled to L = 4
show strong correlations too. These correlations are rather independent of the mass
number and can thus be considered as boson-like. These L = 4 coupled pairs will
not dominate the collective spectra since the excitation energy of the lowest two-
quasiparticle ./" = 4 f state is predicted as high as ^ 1.6 MeV. But the influence of
these correlated pairs can certainly not be neglected. As we will describe in subsect.
3.3. two-quasiparticle configurations with angular momenta J — 6.8,1 Oft are found in
the vicinity of members of the ground-state bands with the same angular momentum.
In '-"Te the ./" = 1 0 * (quasiparticle) state even becomes a yrast state. Although
the interaction of the quasiparticle configurations with the ground-state bands is
probably not very strong, some admixture is nevertheless observed. This effect
appears to be most significant in the J" = 6* states.

Special attention has to be given to the JJ = 2 band based on the J" = 3 * state
in "HTe. A striking feature of this band is the very regularly increasing spacing
between the levels, indicating a collective excitation mode. We therefore interpret
the levels of this band as the odd-spin members of the quasi--/ band (or the Z-band
in the terminology of the vibrational limit of the IBA model). In view of the very
regular structure of the band it is surprising that the theoretical (IBA-2) level spacings
are about 100 keV too high as compared to experimental values (cf. fig. 8b). We do
not yet have an adequate explanation for this discrepancy. The quasi--/ bands in the
adjacent Xe [ref. " ) ] isotopes are reproduced quite well by the IBA calculation.
It is unlikely on the other hand to attribute this systematic deviation to mixing with
quasiparticle configurations, since the regular band structure is not disturbed at all.

The fl(E2) values for the transitions between the collective states have been cal-
culated taking the effective boson charge e = 0.12 e • b. In table 3 the experimental
E2 branching ratios are compared with the theoretical ones. There is a good agree-

TABLK 3 .

Comparison of experimental E2 branching ratios with the results of the IBA-2 calculations

22*
21

- 2 , *

- 0 , *

42*-

4*-
- 4 * 6*

•22* 6*

-6,*
-42*

63*

63*

- 4 *

-.4*

3*-»2,* 5*
5*

-42*
T 4-

5*
5*

- 4 *
->3*

7*
7 + - 5 * 62* -»4f

"8Te exp. 156 0.41 0.12 0.031 0.019 0.03 0.02
theor. 244 0.82 0.008 0.4 0.005 0.002 400

1J0Te exp. 150 0.21 0.6 0.01 0.024 0.9
theor. 250 0.85 0.43") 3 x l 0 - 5 c ) 0.007 755

') The experimental 62 state is not included in the comparison.
") Theoretical value for (62*-+6*)/(6f-»4J).
c) Theoretical value for (62* -4,*)/(62

f -»42
+).

To illustrate that the 6* state cannot be described in terms of the IBA-2 model, in the last column the
branching ratio for this state is given.
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ment for the even spin states. Tne experimental B{E2) branching ratios for transitions
depopulating the J" — .V, 5 f and T~ states indicate as a general trend that the
B(E2)'s for the intraband transitions are much larger than the Z?(E2)"s for the transi-
tions to the ground-state band. This is in agreement with the calculated values
except for the £?(E2. 5+ -> 4 | ) 8(E2, 5 ' -* 3 f) ratio. The discrepancy between
the theoretical and experimental value for this ratio might be another indication
that the structure of the odd band is not as simple as proposed here.

3.3. TWO-QUASIPARTICLE STATES

The levels in fig. 9 are interpreted as two-quasiparticle states. This description is
based on the decay properties of these levels, and on the fact that they act in many
cases as a band head.

These quasiparticle states can have a two-proton as well as a two-neutron structure.
If we confine ourselves to the high-spin states, the main single-particle configurations
are in both cases the 2d^ lg ; and lh v shell-model states.

ONE BROKEN PAIR LEVELS IN PROTON NEUTRON
BROKEN PAIR MODEL

conf.

It( 1.5 )

% V 118

v< 5.5
V< 1.5

v ( 1.5
V( 3.5
V( 4,5

V(3 ,6 )
H ( 1.2 J

100
100

84
100
74

77
4

Tc 120Tc
4.O

3.0

2.0

1.0

oL

theor exp theor CXD

100

26

40

conf.

V( 1.5 )

78
100

100

91

88
6

V(
V(

v(

V(

V (

1t(

1.5
5.5
3.5

4,5
3.5
1 2

)
1

)

)

)
)

Fig. 9. Comparison of the results of the one-broken-pair calculation with corresponding levels in
no. 120-j-g on]y t n e theoretical levels with lowest excitation energies are displayed for a given com-
bination of spin and parity. The numbers between brackets give the main components of the wave

functions; 1: lg7(2, 2: 2d5/J, 3: 3s l ;2 , 4: 2d i / 2 and 5: \hUu-
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t ;

In the neighbouring odd Sb nuclei (Z = 51) the ground state has spin and parity
| + , and the \+ and V states have an excitation energy of about 0.3 and 1.4 MeV,
respectively. In the adjacent odd Te isotopes the ground state has spin and parity
i + , while the excitation energy of the ^' state (E% = 0.3 MeV) is lower than that of
the f = 4+ and f = \+ states (£x = 0.5 MeV). One can thus expect that neutron
configurations will be dominating in the non-collective positive-parity states with
J > 6 and in all non-collective negative-parity states, since one needs at least one
particle in a h ¥ shell-model orbit to describe a state with J > 6 in terms of the one-
broken-pair model, and the excitation energy of a v l h y particle is significantly lower
than that for a n l h v particle.

To give a more quantitative description of the high-spin two-quasiparticle states,
calculations have been performed using a number projected BCS model 2 0). The
shell-model space for the protons as well as for the neutrons consists of one major
shell, viz. lg j , 2d4, 3s.j, 2d^ and 1 h ¥ orbits. The details of these calculations are
given elsewhere 20), The calculated excitation energies are given in fig. 9, together
with the main components of the wave functions. Only those levels which have their
experimental analogues are displayed. The agreement between experimental and
calculated energies is reasonable, the average difference being some 160 keV. The
calculations indicate that only thsJ* = 6* states have predominantly a two-proton
configuration and that all other levels can be characterized as two-neutron states.
This agrees with the observation that the excitation energies and the order of these
neutron states show a remarkable similarity with the corresponding levels in 116-

u 8Sn[ref. 2 3 ) ] .

It should be noted that we did not find experimental evidence for a f = 8+ state
with a two-quasiparticle configuration. The J" = 82 ( u 8 Te, 3ÖO0 keV) and J" =
83 ( l20Te, 3039 keV) states are interpreted as members of the bands based on the
/ * = 62 states, with a main configuration |6^,2q.p. * 2+]8+>. This interpretation
explains the exclusive decay of these J" = 8+ states to the J* = 62 states. The
relatively large level spacing between these states, i.e. 849 keV and 838 keV in 118Te
and ,120Te, is not in contradiction with this conception. Assuming that the J" =
62 state is primarily a two-proton state the core excitation is essentially that of the
Sn core, i.e. about 1.2 MeV. This excitation energy then will be reduced due to the
residual interaction of the protons and the core. The level spacings between the
lowest members of the bands based on states with predominantly neutron two-quasi-
particle configurations i.e. J* = 8", 9" and 10" states, are all about 700 keV.

The regular sequence of states with J* = 8 + , 9 + , 10+ and 11+ observed in 120Te
can neither be interpreted as a collective band based on the ground state, nor as a
band based on a two-quasiparticle state. The subsequent decay of the J* = 9 + , 10+

and 11+ states to the J' = 8+ state at 2835 keV and not to other states, although
this would be favoured on the basis of energy considerations, indicates that these
levels have the same underlying structure, which presumably differs from the structure
of the other states excited in this reaction. If we compare with neighbouring (odd)
Sb and I nuclei, it is tempting to describe the f = 9+, 10+ and 11+ states as members
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of a rotational band based on a state with a particle-hole configuration in the Z =
50 shell. It is known from neighbouring Sb and Sn nuclei that the excitation energy
of particular particle-hole configurations is reduced considerably in a deformed
potential. The E2 components of the cascade transitions which are characteristic
for the rotational structure of the bands in the odd Sb isotopes are even slightly
stronger in this band in Te. The absence of cross-over transitions does not contradict
this interpretation/since the intensity of these transitions following from the Alaga
rules would be just below our detection limit.

The nature of the J" = 8+ band head is however not easy to understand. As we
have pointed out in the introduction, the deformed J' = 0+ states in the even Sn
isotopes have been associated with proton 2p-2h excitations through the Z = 50
shell. In a similar way a deformed J* = 0+ state in Te would originate from a 4p-2h
excitation through the Z = 50 shell. In this deformed picture one obtains a f = 8+

band head by coupling two quasiparticles having 1* [413] and f+ [404] Nilsson
configurations to total angular momentum J = 8. However, the excitation energy
of this state is predicted to be between 3.5 and 4 MeV rather than at 2.8 MeV.

4. Conclusions

We have investigated high-spin states in " 8 - 120Te by means of the "*• " 8 S n (a,
2ny) reactions. The levels excited in both nuclei can be classified into two categories.
The first category of states is interpreted in terms of quadrupole excitations based
on the ground state. It is shown that the IBA-2 model reproduces the properties of
these states reasonably well. The systematic discrepancy found between the ex-
perimental and calculated energies for the AJ = 2 band based on the J* = 3 + state
in ' 18Te is not yet understood.

The levels belonging to the second category are described as two-quasiparticle
states and bands based upon these levels. Calculations performed with the broken-
pair model indicate that the two-quasiparticle states excited in both nuclei, with
the exception of the J" — 6/ levels, have predominantly two-neutron configurations.
This agrees with the observed similarities between the two-quasiparticle states in
118 ' 120Te and the corresponding states in the '16- " 8 S n isotopes.

The lowest 2+ states in both nuclei are the only states which have been described
with both models. In the wave function of this 2+ state calculated with the broken-
pair model there is not one dominant proton and/or one dominant neutron broken-
pair contribution. Because the calculated pair correlations between the 16 neutrons
( u 8 Te) or 18 neutrons ( l20Te) happen to be stronger then those between the two
protons a pure neutron two-quasiparticle state will have a higher excitation energy
then a pure proton state. If one mixes these pure states by the strong proton-neutron
interactions (deduced from the multiplet splitting in the odd-odd Sb isotopes) the
lowest state will still have predominantly a proton configuration (60 % in ' ' 8 - 120Te,
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cf. fig. 9). This effect is typical for the 2+ states. All other stales calculated within the
broken-pair model have either a rather pure neutron or proton configuration.
The structures of these levels are determined in the first place by the relevant single-
particle energies.

The IBA-2 calculations yield only 28 "„ proton contribution to the lowest f = 2+

state. In these calculations equal energies were taken for proton and neutron d-bosons,
and the strength of the quadrupole interaction K = —0.13 MeV is relatively small.
As mentioned in subsect. 3.2 the parameters used in the IBA-2 calculations are
obtained by extrapolating the values used in calculations for Xe and Ba.

Hence the different calculations yield different wave functions for the lowest
J" = 2* state. We did not make an attempt, however, to solve this discrepancy
by refitting model parameters. It would be of more interest to study the microscopic
structure of the J" = 2+ state experimentally.
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C H A P T E R VI

HIGH SPIN STATES IN 196
Pb

VI-1 INTRODUCTION.

The Pb nuclei have 82 protons which form a closed shell

according to the nuclear shell model. Low lying excitations

( E < 3 MeV ) in these nuclei are therefore thought to be due

mainly to neutron excitations. This interpretation is supported

by the observation that in the odd mass Pb isotopes with A < 207
1 5 3 13

the lowest excited states are the p /_, f /_, p /_ and i /
A A A A

neutron ( hole ) states. The ground states of the odd Pb isotopes

with 117<N<125 are f5/o f̂ al 78; Sch 78,1; Sch 78,2; Sch 80}

and probably p / for 111 < N < 115 [Sch 8cT|.

The even mass Pb isotopes with 190 < A < 206 have J = 2 and

4 states as first excited states. The yrast levels of these

isotopes have been studied extensively up to J = 12 from the

decay of the even Bi isotopes ( cf. [Led 78j and references

therein ) and from ( H.I., xny ) reactions [bja 73; Pau 73; ,

Rou 79]. The systematic trend in the excitation energy of these

states ( cf. fig. VI.12 ) is fairly well accounted for within a

two-quasiparcicle description using a surface delta residual

interaction, and a configuration space spanned by the following

neutron subshells: Vli13/O, V2f
7/„, V2f5/O, V3p

3/O
A A & A

V3pV
[Alb 72; Rou 79] .

Our twofold interest in the study of the light Pb isotopes is

elucidated in Chapter I where we discuss the importance of rather

pure quasiparticle configurations ( up to eventually a J =20
13 -4

( i /_ ) state ) and the predicted shape transition in very

neutron deficient Pb isotopes [May 77], resulting in collective

excitations.
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The choice of the Pb nuclei with mass 196 and 194 ( an

extensive description of experimental data concerning the latter

nucleus can be found in [kes 82]) as subject of this study is

based on the following considerations:
13

- The excitation energy of the VI / state in the odd Pb isotopes
is strongly decreasing with decreasing neutron number down to
193

Pb. The Pb isotopes with mass number A <196 can therefore be
13 —4

considered as good candidates for a search for pure ( i /_ )

configurations.

- Shape transitions at low excitation energy ( E <1 MeV ) are

predicted to occur in the very neutron deficient Pb isotopes with

mass number A<190. However, an indication for shape transitions

at higher excitation energies might be noticed already in Pb

or Pb.

- It is known [New 8l] that at high excitation energies of

compound systems in this mass region the ( H.I.,xnY ) evaporation

residues collect only a small fraction of the total compound

nucleus formation cross section, since fission and pre-compound

( charged ) particle emission start to play a dominant role in

the deexcitation of the "compound" system. It is therefore

important to produce rather cool compound systems with excitation
12

energies below about 70 MeV. With the C beams of the KVI, the

lightest isotope which can be produced under this condition is

194Pb. To study Pb isotopes with A <192 it is advantageous to use

ions such as Ne as projectile

however, not yet available at the KVI.

20
heavier ions such as Ne as projectiles. These ion-beams are,

In section 2 of this chapter we describe the experimental

procedures of in-beam y-ray and conversion electron spectroscopie
196

studies on high spin states of the neutron deficient Pb

nucleus.

The sumspectrometer ( cf. Chapter III ) was used in a part

of the experiments to select the prompt and delayed y-rays
188 12

deexciting the neutron evaporation residues of the Os + C
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fig. VI-1. Gamna-ray spectra for the reaction 18SOs + 12C, at E 1 2 C - 70 MeV (top)
and E J 2 C - 74 MeV (middle). The lowest spectrum was taken under the condition that:
a) at least 5 segments of the suinspectrometer were triggered simultaneously and
b) the sum of the signals of the five segments E_ is contained in the interval 5 £ E£ £ 15 M«V.
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compound nuclear reactions, and to suppress the background in the

Y-ray spectra due to Coulomb excitation and radio-active decay.

The results of the discrete line spectroscopie studies are

given in section 3.1. Results of the total Y-decay energy

measurements and a comparison of the experimental value for this

energy with the predictions of a statistical model calculation

are presented in section 3.2. In section 4 we will discuss the
194 1.96

level schemes of ' Pb in the framework of quasiparticle

calculations.

VI-2 EXPERIMENTAL METHODS AND ANALYSIS.

1Qfi 1R8 12

Levels in Pb were excited by means of the Os ( C,4nY )

reaction. The experiments included the measurement of single

Y-ray spectra at Ei2c = 70 MeV and Ei2p = 74 MeV, Ge-£

( Y - total Y-decay energy - At ) coincidences, Ge-Ge (Y-Y-At ),

Ge-Si ( Y-e -At ) and Si-Si ( e -e -At ) coincidences, single

conversion electron spectra, angular distributions of Y-rays and

half-lives of excited states ( all at 74 MeV ).
188

The 0s target material ( 97% enriched ) was disposed
originally on a Cu backing by a sputtering technique. Internal

188
forces in the self-supporting foils of about 0.6 mg/ 2 Os,

cm
obtained by solving the Cu backing, caused, however, a rapid

4 188
detoriation of the quality of the foils. Therefore the Os foils
were glued with 0.1 mg Formvar on a Formvar backing (0.1 mg/ 2)-

12
Examples of single Y~ray spectra measured with C beam? of

70 and 74 MeV, respectively, are given in fig. VI.1. The third

Y-ray spectrum displayed in fig. VI.1 is taken in coincidence

with the sumspectrometer, requiring at least a 5-fold coincidence

for the six segments of the sumspectrometer ( cf. section 2.2 ).

Due to this requirement Y-rays resulting from Coulomb excitation

and radio-active decay are strongly suppressed in this latter
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spectrum, while the Y-rays resulting from the ( dominant ) 4n

reaction are enhanced.

VI-2.1 Gamma - Gamma coincidences.

The Y~Y~At coincidence experiments were performed with two

Ge(Li) detectors ( 90 cm3 ) and two Ge Gamma-x detectors ( 40 cm3).

The Ge and Ge(Li) detectors were placed at a distance of 15 cm

from the target, at angles of 90°, 154°, 206°, and 270° with

respect to the beam. In addition a Nal(Tl) crystal ( 12.5 cm

diameter and 15 cm length ) was positioned at 325° at a distance

of 40 cm from the target. This detector was used to monitor the

shape of the prompt y-ray spectrum coincident with known
196

transitions in Pb.

The event-logic used in this experiment defined a valid event

in case of an overlap coincidence ( with an overlap as wide as 180

ns in order to be sensitive also to delayed coincidences ) between

the signals of any two Ge((Li)) detectors. For each event the

following quantities were written on magnetic tape in a 10 para-

meter format: the energy signals from the four Ge((Li>) detectors

and from the Nal(Tl) detector, and the time differences between

all individual energy signals and the cyclotron burst. In total
7

3.8 x 10 events were recorded in this experiment.

The coincidence data were sorted by setting gates on peaks in

the projected spectra. The different time relations between prompt

and delayed transitions were accounted for by sorting the data in

four modes: prompt gate-prompt update; prompt gate-delayed update;

delayed gate-prompt update and delayed gate-delayed update.

The definition of "prompt" and "delayed" was chosen - 12 < At

( Y-burst ) < 25 ns and 25 ns< At ( Y-burst ) < 150 ns,

respectively, for all four Ge((Li)) detectors, irrespective of

the Y-ray energy.

Examples of sorted spectra with gates on transitions assigned
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Fig. VI-2 Gamma-ray spectra coincident with gamma-rays depopulating states in
1 Qfi

Pb. The indicated timing relations with respect to the bean burst refer to the

time windows on the gating transition and the updated spectrum, respectively.

196
to Pb are shown in fig. VI.2, for the four sorting modes.

The displayed spectra are corrected for background coincidences

and consist of the summed results from all four detectors. The

coincident spectra in the individual detectors were used to obtain

information on the DCO ratios for y-cascades ( cf. section 2.4 ).

A good estimate of the number of accidental coincidences could

be obtained from the comparison of the number of target X-rays

and/or the number of counts in the 155 keV peak ( 2 ->-0
188

transition in Os, cf. fig. VI.1 ) with strong transitions in
196

Pb in the single spectra and in the spectra coincident with
196

other transitions in Pb. It was deduced that at most 1% of the
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Fig. VI-3 The time distribution
1 Qfi

of the 497 keV line in Pb with

respect to the R.F. signal of the

cyclotron.

relative single intensities

of the Os X-rays and of the

155 keV line could be found

in the gated spectra. There-

fore the effect of the

accidental coincidences was

neglected in the analysis of the coincidence data.

Information on time relations between individual y~ r ay s a n d

the beam burst, and between two coincident y-rays was also

deduced from the coincidence data. The latter time-relations were

obtained from the time difference between two ( succesive )

coincident y-rays by subtracting for each event the time intervals

of both y-rays relative to the burst, and adding an offset to this

time-difference. A prompt time-relation thus results in a sharp

peak at the position of the

offset.

Fig. VI-4 The time relation

between the 959 and 337 keV

transitions (filled-circles),

indicating the intermediate isomeric

state with T / = 270 ns. The open

circles represent the time relation

between the 467 and 959 keV

transitions.
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t: 1 8 8 0s - target

2: Mylar dcgradcr

3: Ta beam stop

Fig. VI-S The experimental

set-up for the Y-' experiment.

Examples of time spectra obtained from the coincidence data are

given in figs. VI.3 and 4. All time spectra are corrected for

background coincidences.

VI-2.2 The Gamma - Z coincidences.

Gamma - E coincidences were measured with a set-up consisting

of a large ( 90 cm3 ) Ge(Li) detector placed under 0° , and the

annular Ge detector positioned under 180° for the individual

y-ray detection, and with the sumspectrometer in the six segment

configuration for the measurement of the total Y~decay energy
loo

(E ) ( see fig. VI.5).The 0s target was placed in the centre

of the sumspectrometer, at a distance of 25 cm and 15 cm from the

Ge(Li) and the annular detector, respectively. After passing the
12

target, the energy of the C beam was degraded to about 50 HeV

by a 60 ym thick mylar foil placed about 1 mm behind the target,

and the beam was stopped by a metallic Ta beam stopper inside

the scattering chamber.

The scheme of electronics and the event-logic was nearly the
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same as displayed in fig. 111.10, with the exception that in the

present experiment an event was defined as a coincidence between a

sumspectrometer signal and a signal in one of the two Ge detectors.

The event-rate was decreased by the requirement that at least

five segments of the sumspectrometer were triggered. The constant

fraction discriminator levels were set at about 50 mV, which

corresponds to an energy of about 0.3 MeV for each individual

segment. The single count rates due to X-rays from the target and

the beam-stop were suppressed by shielding the detectors with Cd

and Cu foils from the target.

By accepting coincidences between the sumspectrometer and Ge

signals in a time interval as large as 0.S ys y-ray transitions

from levels with half-lives up to about 1 ps could be investigated.

The total number of recorded events amounted to 1.4 x 10 .

The y-E coincidences were analysed in three diffex-ent ways:

- Ge spectra were updated for different slices in the sumspectra.

fhe spectrum presented in fig. VI.1 represents the sum of these

Ge spectra with the exclusion of the very low total energy- and

very high total energy slice.

- gates were set on peaks in the Ge spectra and the corresponding

sumspectra were updated ( cf. section 3.2 ).

- gates were set on peaks in the Ge spectra and the corresponding

time spectra were updated, to look for transitions with half-lives

T / >50 ns. An example of the latter analysis is given in

fig. II.2 for the 337 keV 10 •*• 9 transition in Pb.

V I - 2 . 3 The conversion electron measurements.

Conversion electrons were measured for the reaction 188
Os

12 188

plus 74 MeV C on the same Os targets as described above.

Three mini-orange electron filters [kli 75] and cooled Si(Li)

detectors were used simultaneously in the "Mini-Orange-Four"

set-up developed by van Klinken et al.
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Fig. VI-6 The conversion electron spectrum (bottom) and the simultaneously

measured Y-ray spectrum for the reaction Os + 7

transmission curve used in the analysis is given.

measured Y-ray spectrum for the reaction Os + 74 MeV C. In the insert the

I

The electron filters were placed each under an angle of 135 , and

the distances between the target, filters and Si(Li) detectors,

and the different magnet settings were chosen such that conversion

electrons with energies ranging from about 100 keV up to about

1 MeV could be detected. A Ge(Li) detector was placed under 55 .

The conversion electron spectrum is displayed in fig. VI.6, along

with the simultaneously recorded Y~ray spectrum.

The shapes of the transmission curves were determined from the
— 137

ratios of the continuous @ spectra of Cs ( E -<0.6 MeV ) and

Ru ( E -< 5 MeV ) taken with and without mini-orange filters.

The absolute values of the transmissions were obtained by scaling

the transmission curves using the theoretical conversion

coefficients [Rös 78J of ground state band transitions in Pb
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194
and Pb, and the experimental a of some well known transitions

133Din Ba.

Next to the mini-orange filters and the Ge(Li) detector, two

large, cylindrical ( 12.5 cm diameter and 15 cm length ) Nal(Tl)

crystals were placed close (~10 cm ) to the target. A pulse from

at least one of these Nal(Tl) detectors was required in

coincidence ( At<180 ns ) with a pulse from one of the Si(Li)

detectors or from the Ge(Li) detector to define a valid event.

In this way the background in the gamma and electron spectra due

to transitions from reaction products or radio-active decay

products with a low y-ray multiplicity was suppressed. In total

7.7 x 10 events were recorded on magnetic tape.

In the off-line analysis of the data projections were made

of the y and the e spectra. Only those events were projected

out which occurred in a well defined time interval which was

taken equal for events in the Ge(Li) detector and in any of the

three Si(Li) detectors. From these projections the conversion

coefficients for transitions assigned to Pb ( cf. section 3.1 )

were deduced.

Information on possible highly converted transitions belonging

to Pb which had not been observed in the y-y coincidences was

obtained from e -y and e - e coincidences. These coincident

spectra clearly confirmed the results of the Y~Y coincidences.

They did not supply, however, any indications for the assignment

of new transitions to Pb.

The good intrinsic timing properties of the small Si(Li)

detectors as compared to larger Ge(Li) detectors enabled the

search for half-lives in the nanosecond region. Therefore the

time-relations between the Si(Li) pulses and the RF signal were

investigated by setting gates on peaks in the electron spectra

and updating the corresponding time spectrum. The time resolution

for ( assumed ) prompt peaks ranged from about 3.5 ns FWHM at

Eg- = 140 keV to about 3.0 ns at E - = 870 keV. Instabilities in

the position of the prompt peak due to small fluctuations of the
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10 15
TIME(ns)

20 25

Fig. VI-7 The time relations

between the B.F. of the

cyclotron and the conversion

electrons of the 357 keV

15" • 15" transition (filled

circles), and the 959 keV

14 • 12 transition (open

circles). The bars indicate the

shape of the prompt peak at

Ee- =150 keV.

beam relative to the RF inhibited the search for shorter half-

lives in this experiment. A time-spectrum built up in this

analysis is shown in fig. VI.7.

VI-2.4 Angular distributions and directional

correlations of y-rays.

The angular distributions of y-rays were measured with a

40 cm3 Gamma-X detector positioned at 25 cm from the target.

Spectra were taken at six angles ranging from 90° to 153.5°.

A second Gamma-X detector ( 40 cm3 ) was placed at a fixed

position ( at 235°, 35 cm from the target ) as a monitor.

Four ADC's, each having a 2k channel resolution were used

in combination with a Canberra80 analyzer system for the data

acquisition. The monitor spectrum was taken in a singles mode.

The energy signal of the movable detector was routed to the

• \
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Table VI.1.

The experimental transition

energies and relative inten-

sities (corrected for inter-

nal conversion), angular

distribution coefficients

and Kland L) conversion

coefficients for transitions

in I 9 6Pb. Por the assign-

ments also the RJ^Q given

in table VI.2 is used.

a) The total intensities of the transitions are given (I + I e _ ) , relative to the 1049.2 keV transition.

b) The angular distribution coefficients are deduced from the 'prompt' Y-intensities.

c) Sign convention of Krane and Steffen [Kra 70]. e) The intensity is deduced from the coincidence data.

d) Theoretical conversion coefficients [Rös 78] are used for internal calibration of the transmission, f) Total intensity of a complex peak.

.^i.^
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Table VI.2. The experimental DCO ratios compared with theoretical values for the spin

combination given in the third column.

Cascade

689.0-1049.2

337.3-138.4

421.5-371.9

497.7-337.3 b )

959.7-337.3 b >

467.6-959.7

357.9-467.6

244.3-357.9

525.9-467.6

;97.0-357.9

564.7-959.7

679.7-959.7

745.2-564.7

630.4-679.7

529.1-630.4

745.2-630.4

529.1-745.2

"DCO'

0.99

1.52

1.58

0.9

0.62

2.21

0.83

0.71

0.85

1.1

1.06

1.1

1.1

0.9

1.0

1.8

0.8

exp.

( 6)

(16)

(22)

( 2)

( 8)

( 9)

( 8)

(15)

(17)

( 3)

(12)

( 1)

( 1)

( 1)

( 2)

( S)

( 2)

Ji * Jm * J f

4-> 2-* 0

10-» 9-> 7

8-> 7-v 5

I4-»12(-flCH-)9

15-«-14-M2

15-H5-H4

16-M5+15

16-M5+14

I6-»14+12

16-»14-+12

18+16+14

18-fl6-»14

19+17-M 5

I9-I-18-M6

20*1B*l 6

R^.theor. a )

1.0

1.68

1.65

0.6S

2.15

0.83

0.71

0.85

1.0

1.0

1.0

1.0

1.0

2.1

1.0

S.

0.0

0.0

0.0

-1.1

+2.1

+0.3
+0.3

0.7

0.0

&2

0.0

0.0

-1.1
+2.1

0.0

a The attenuation coefficients of the orientation are deduced from the angular distribution.

b) The 12 *1O stretched E2 transition is assumed not to influence the orientation.

three remaining ADC's, gated by signals from three single channel

analyzers, each selecting a part of the ( y- burst ) time

spectrum. The stability of the widths of the timing channels was

monitored with y-rays from a radio-active source attached to the

movable detector.

Experimental gamma intensities were obtained by normalizing

the spectra taken with the movable detector on a number of strong

peaks detected with the monitor ( for the beam intensity ), and

on the ratio of intensities of y-rays from radio-active sources

fixed to the two detectors ( dead time correction ).

The angular distribution coefficients A and A were obtained

as described in Chapter II.2.3.
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630.4 745.2
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• ) ! 3U2.7 + A E T | ( 2 . 7 2 U ) n l

12+
AE
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59.

3601.7 + AE

959.7

2169.3

59.2 ' 7 9 7 * T1 |2=13O(1O)ni
1738.2

'96Pb
82 114

Fig. VI-E The level scheme of 1 9 6Pb. The indicated half- l ives of the J71 = 12*

9 and S states are the values adopted by [~Hal 79].

The directional correlations of Y-rays were deduced from the

coincidence data ( cf. section 2.1 ) . The DCO ratio ( cf .

Chapter I I .2 .3 ) R was obtained for a l l relevant detector

combinations, i . e . those at 90°- 154°, 90°- 206°, 154°- 270° and

206°- 270°. The consistency of the data was checked on the

+90° , - 90° and the +154°,- 154"combinations, which should y ie ld a

value RDCQ = 1. Tha data proved to be consistent within the
•:; I
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statistical errors. The weighted average of the four

measured with the four relevant detector combinations was adopted

as the experimental value of the H C Q of a certain cascade. An

example of the analysis is given in fig. II.2 for the cascade

467 - 959 keV ( 15~ -*• 14+ +12 + ) in 196Pb.

VI-3 RESULTS.

The results of the experiments described in section 2 are
1 Qfi

given in table VI.1 and table VI.2. The level scheme of Pb is

shown in fig. VI.8. Levels are assigned to Pb only if they

decay by Y-rays showing distinct coincidence relations with

T-rays previously assigned to Pb, and if these coincidence

relations are consistent in the four coincidence modes: prompt-
prompt; prompt-delayed; delayed-prompt and delayed-delayed. t •

From the excited states displayed in fig. VI.8, all levels above

( 2645 + AE ) keV were established in this study, as well as the

8 + level at 2590.8 keV.

Results of 1 8 80s ( 12C,4ny ), 187Re ( 14N,5nY ) and 1 8 4W

( 0,4ny ) reactions all leading to Pb are reported by Pantrat

et al. [Pau 73J , Albouy et al. [Alb 73] and Roulet et al. TROU 71?]
t~ —1 199

( see also [Hal 79J ). A discussion of the results of the Hg

( He,6nY ) reaction is given by Djadali et al. [bja 733- The ']

levels at 1049.2, 1738.2, 1797.4, 2169.3, 2307.7 and 2645.0 keV

with spins J = 2 ,4 ,5~,7~,9~ and 10+ have been established by

these authors, as well as the half-life and the magnetic moment 'J

of the unobserved 12+ state ( T1/™ = 269(5) ns; g = -0.157(7)), *-

and the half-lives of the J^ = 9~ state at 2307.7 keV ( T1/ = 'j
51(5) ns and of the Jïï = 5~ state at 1797.4 keV ( T1/» = 130 :

(10) ns ).
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VI-3.1 The level scheme.

I*'

I'

The structure of the level scheme up to the J = 12 isomeric

state is firmly established also in this study. The angular

distributions, though strongly attenuated by the isomeric states,

and the conversion coefficients of the transitions are in very

good agreement with the spin assignments made by Pautrat and

Djadali.

The 748.4 keV cross-over between the levels at 1797.4 keV and

1049.2 keV is unambiguously established in the coincidence data,

and was not reported on by other authors. The rather low intensity

of this 748.4 keV line combined with the complex structure of its

time spectrum inhibited the confirmation of this placement on the

basis of the time spectrum. There are strong indications, however,

fcr several components in this time spectrum with 100 ns < T / <

500 ns. The E3 character of the 748 keV transition is confirmed by

the conversion coefficient OL and the angular distribution.

All transitions below the 2645.0 keV level show a dominant

delayed component of 269 ns, except for the 421.5 keV 8 -+ 7

transition. The presence of a prompt component in the time

spectrum of the 337.3 keV transition deexciting the 10 state at

2645.0 keV indicates clearly the presence of the isomeric 12

state, though a 12 ->-10 transition was not recognized in the

coincidence spectra. Therefore the energy of the 12 -> 10

transition will be denoted "AE" throughout this chapter.

Assuming that the delayed component of the 337.3 keV 10 ->-9

transition arises from the decay of the 12 state, we can

calculate the relative total transition intensity of the AE

transition as I = 50(5). An upper limit of the energy of the

AE transition is given by the K-electron binding energy and is

deduced from the number of K X-rays in coincidence with the

337.3 keV 10 ->• 9 transition. Since the conversion coefficient

of an E2 transition with this low energy increases very rapidly

with decreasing energy, a transition with this intensity would

be observable in the Y-spectra measured in this investigation
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Fig. VI-9 The part of the Y-ray
* go i o

spectrum for the reaction 0s+ C

at 74 MeV containing the Y energy

interval 40• E • 100 keV. The

spectrum is taken in the time

interval 40 •" ,\t(Y"burst) • 180 ns.

only if A E > 4 5 keV. In fig. VI.9

the part of the Y-ray spectrum

with 45 < K < 100 keV is displayed.

Two possible candidates for the

AE transition are found in this

spectrum, at 49.4 keV (atot
= 180)

and at 53.5 keV (a = 110). The
tot

line at 63.0 keV is due to badly

timed 0s target X-rays. The

tentative placement of a 547.4

keV transition which deexcites

the newly found isomeric state

at (3142.7 + AE) keV is in

agreement with an assignment

AE = 4S.4 keV. A confirmation

of the value of AE would be ob-

tained from a conversion

electron measurement for very

low electron energies.

A new isomeric state is

placed at (3142.7 + A E ) keV,

with a half-life of 72(4) ns.

This state is deexcited by a

497.7 keV transition to the

J = 12 state. This place-

ment is based on the time-

relation between the 497.7 and

337.3 keV transitions, indicating

an intermediate isomeric state.

An unambiguous spin assignment

could not be made for the

(3142.7 + AE) keV state. Only an

upper limit of a < 0.025 can be
K

given for the conversion



101

'- coefficient of the 497.7 keV transition, since this transition is

a member of a complex peak in the electron spectra ( cf. fig.VI.6).

The theoretical value for an E2 transition is CL (E2) = 0.021.
K.theor

Hence this 497.7 keV transition has El or E2 character. In the

latter case small Ml admixture cannot be excluded. This result,

along with the anisotropy coefficient A = -0.16(9), agrees with

:% an El, AJ = 1 1 transition or an almost pure E2, Aj = 0

Xf transition.

,';[ The 547.4 keV peak is a complex consisting of probably three

:] components. Two of these components show a prompt-delayed

coincident relation with each other. Since the prompt 547.4 keV

transition also exhibits a prompt-delayed coincidence relation

i'- with the 497.7 keV y-ray, this transition is placed on top of

the new isomer. The placement of the 547.4 keV transition as

;• given in fig.VI.8 with one component feeding the J = 10 state

i and the other component feeding the isomeric state at (3142.7 +

;i AE) keV is in agreement with the time relation between the 547.4

keV and the 337.3 keV transitions. This time spectrum shows a

strong (~70%) prompt and a weaker (~30%) delayed component.

Since the time spectra of the 547.4 keV line with respect to a

prompt pulse in the sumspectrometer and with respect to the beam-

burst show a predominant prompt component ( in contradiction to

the results of the coincidence data ) it cannot be excluded that

the 547.4 keV line is a triplet. Therefore the conversion and

angular distribution coefficients of the complex have not been

used for spin and parity assignments.

jjï The El character of the prompt 421.5 keV transition deexciting
K +
;. the 8 state at 2590.8 keV is deduced from the upper limit for the
!.-•; conversion coefficient, (a < 0.03), its negative A (A = -0.17(7))
u' "• 2 2

and the large R,,^ ( R
D C 0

 = 1-6(2>) f o r the 421-372 cascade.

The other newly found states all have a spin value J >14ti

Two different cascades can be distinguished feeding the J = 14

state at (3604.7 = AE) keV. Transitions between levels of each
ft
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cascade are all prompt (T / < 2 ns) except for the J = 15 state

at (4430.2 + AE) keV. From the conversion electron data on the

357.9 keV 15~->"15~ transition a half-life of 5.0(5) ns could be

obtained for this state ( cf. fig.VI.7 ).

Unique spin assignments of J = 14 , 15 , 15 , 16 and 16

were made for the states at (3604.7 + AE), (4072.3 + AE), (4430.2 +

AE), (4598.2 + AE) and (4674.5 + AE) keV on the basis of the

combined analysis of the results of the angular distribution and

conversion electron measurements for the deexciting transitions

and the R-,-,, for the appropriate y cascades. For the 197.0 keV

transition deexciting the (4627.2 + AE) keV level no other

quantities could be deduced but the R--,.. for the 197-358 keV
DCU

cascade, yielding R D C 0 = 1.1(3). No spin assignment could be made

to this level.

The high spin cascade on the right of fig.VI.8 consists mainly

of positive parity states. The assignment J =16 to the states

at (4169.4 + AE) and (4284.4 + AE) keV is unambiguous, though the

assignment to the latter level should be elucidated. It is based

on the DCO ratio for the 680-959 keV cascade and the conversion

coefficient a for the 679.7 keV transition. The angular
ft \

distribution of this transition could not be measured since the

679.7 line is a doublet in the single Y-ray spectra. The second

component apparently has a low Y-ray multiplicity because this

component ia not present in the Y-ray spectra taken in experiments

with Y-ray multiplicity selection (Ge-Ge, Ge-E and (e~,Y))- The

results of the latter experiments can be used to obtain

information on the component of the 679.7 keV complex deexciting
196

the state at (4284.4 + AE) keV in Pb. The conversion
coefficient a = 0.018(5) excludes strong Ml admixture, and

n.

consequently the R D C 0 = 1.1(1) for the 680-959 keV cascade is

consistent only with a 16+14-* 12 spin combination for this

cascade. The 630.4 keV transition has most likely a stretched E2

character ( cf. table VI.1 ) The experimental R = 0.90(10) for

the 630-680 keV cascade is in reasonable agreement with the
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theoretical R n c o = 0.99 for a 18-»-16->-14 spin combination. This

:• assignment implies an E2 character for the 745.2 keV transition

' connecting the states at (4914.8 + AE) keV and (4169.4 + AE) keV.

'•'/ The assigment (20+) to the level at (5443.9 + AE) keV is based

.' on the R Q = 1.0(1) for the 529-630 keV cascade (20
+ ->• 18+ -> 16+) ,

'" and the angular distribution and conversion coefficients of the

Ï; 529.1 keV line.

|v The 745.2 keV line is coincident with itself. About 67% of the

>. total intensity arises from the deexcitation of the (4914.8 + AE)

¥• keV state, and about 33% from the (5660.0 + AE) keV level. The

fc small conversion coefficient of the complex indicates that one

«: component has an El character, and excludes strong Ml admixture

; in the other component. The RDC0 = 1.8(5) for the 745-630 keV

'j cascade is consistent with a 19 -*• 18 -* 16 spin combination with

6 = 0 , yielding J^ = 19~ for the (5660.0 + AE) keV level. The

33% component thus being most probably El, the 67% component is

most likely E2 on the basis of the conversion coefficient. This

I is consistent with the R = 0.8(2) for the 529-745 keV cascade,

indicating a 20->-18->-16 spin sequence. The assignment 33%

! stretched El and 67% stretched E2 for the 745.2 line explains the

• angular distribution of this complex, assuming A = -0.2 for the

El component.

VI-3.2 Results and Discussion of the measurements

of the total y-decay energy and the average •">

i Y -transition energy. !„.

: The sumspectrum which was measured with the sumspectrometer ':
& _ '~A

f in coincidence with all relevant transitions placed in the level ?

I scheme of 96Pb ( cf. fig.VI.8 ) is displayed in fig.VI.10.a.

I' The centres of gravity of the total Y-decay spectra coincident •

with individual transitions in 6Pb are represented in table VI.3. 5

; The data given in this table are the centres of gravity of the '\
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Fig. Vl-lO.a The total Y-<iecay energy

spectrum measured with the sumspectrometer

in coincidence with a number of

transitions in Pb.

Fig. VI-10.b The unfolded Nal(Tl)

spectrum measured with a 12.5 cm

(diameter) and IS cm (length) Nal

crystal, in coincidence with a number
196

of transitions in Pb.

experimental sumspectra with a correction for:

- neutrons, E = -1.2 MeV ( cf. Chapter IV ), assuming that
C O r r' n 188 12

the shape of the neutron spectrum for the Os ( C,4ny) reaction

is similar to that of a typical evaporation neutron spectrum

JHag 8l], and

- the efficiency of the sumspectrometer, E = +1.5 MeV, for
corrMeasured = 13 M e V

cf" "B.IH.8 ).

The only strong line in the y-ray spectra which could not be

assigned to Pb ( or to (n.n'y) reactions on I or Na ) is

the line at 788 keV, observable in all the y-ray spectra taken
188 12

for the oo0s ( C,4nY) reaction.
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Table VI.3 The average total y-decay energies (ET0T) for a number of

transitions in ly6pb and for the 788.1 keV.

E (keV)

1049.2

689.0

371.9

138.4

337.3

497.7

547.4

788.1

2 + ~ 0 +

4 + - 2 +

7 " •* 5 "

9 " -»• 7 "

10+ •* 9"

( ) - 1 2 +

(( ) - 12 + )

not ass igned

ET O T (HeV)

13.8(2)

13 .2(2)

13 .3(2)

13 .2(2)

13.4(2)

13.4(5)

13.5(4)

10.7(2) a>

E (keV)
Y

959.7

467.6

357.9

244.3

564.7

689.7

630.4

745.2

I . -> I
1 f

14+-M2+

15--14+

I5-*15-

16~-*15~

16+H-14+

16+-14+

18+-14+

1B + * 1 6
+ , *18+

ETOT M e v»

14.2(2)

14.5(3)

14.4(5)

13.8(5)

14.3(3)

14.8(3)

14.9(4)

14.7(5)

No corrections are applied to this experimental number.

Since no conversion electrons were observed for this transition

( cf. fig.VI.6 ), it was excluded that this line deexciteo a level

in Pb or in any other Pb isotope. The rather low value for

the centre of gravity of the sumspectrum coincident with this

688 keV line ( cf. table VI.3 ) supports the former suggestion.

The unfolded prompt Nal(Tl) spectrum taken in coincidence

with transitions in Pb is displayed in fig. Vl.lO.b. The

average energy of the y-transitions deduced from this spectrum is

Ë = 1.25(5) MeV. The statistical errors in the Nal(Tl) spectra

taken in coincidence with individual transitions were too large

to draw conclusions about the corresponding average transition

energies and the shapes cf the transition energy distributions.

The prompt Nal(Tl) spectrum coincident with transitions deexciting

states below the JIT 12 isomeric state did not differ

significantly from the prompt Nal(Tl) spectrum coincident with
TT +

transitions feeding the J = 1 2 state.

t We thank mr. R. Heijer (KVI) who developed the unfolding routine mnd made the

necessary calibrations of the 12.5 ca x 15 en Nal(Tl) crystal.
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Table VI.4 Comparison of the results of the measurements of the total y-dec

energy ^TaI, average v transition enerjy E and average initial

angular momentum J.. with statistical model calculations.

Grogi 2

Exp.

(Mev) (MeV) JL (fi)

1.32

1.25(5)

20.2

19.0 (1.5) a)

a) The experimental average initial angular momentum is deduced undtsr the

assumption that per transition the nuclear spin decreases 1.5 units of H.

Using the experimental values of the total y-decay energy and

the average y-transition energy one obtains for the average number

<M > of y-rays emitted per 4ny reaction: <M >= E T 0 T /
 E

Y
 = H - 0

(9) . Assuming that the 12 -»• 10 transition is completely converted

( but not K-converted ) and that per reaction 1.3(2) K-converted

transitions occur ( this number is deduced from the Pb K X-ray

yield per 4nY reaction, cf. van Nes [Nes 82]), the total multi-

plicity (Y + e") of the reaction is thus 13.3(1.0). If we further

assume that per transition the spin of the nucleus decreases 1.5

units of ft, we can derive the centre of gravity of the entry

region: Ë = 13.8(5) MeV, J. = 19.0(1.5) 1i.
GXC 1

A comparison of the above experimental results with the
188 12

results of a calculation for the Os ( C,4ny) reaction at

Ei2 = 74 MeV using the fusion evaporation code Grogi2 ( cf.

Chapter I ) is given in table VI.4. The striking agreement between

experiment and calculation may indicate that deexcitation

phenomena not included in this statistical model are only of minor
200

importance in the deexcitation of the compound nucleus Pb in

the region of angular momenta and excitation energies involved in
188 12

the reaction 0s + 74 MeV C. This suggestion is in agreement

with observations of Leigh et al. [Lei 82] and Newton [New 8l] who

studied the decay of the compound nuclear system Pb for several

projectiles and projectile energies.
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12+-
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905(17)
\ 933O4)

(10-1 £ 2932.8

352(19)

194Pb

280.1 (92)

575.0(95)

: 251079-
,173.6(75) 2 4 O r 3 , , 5 ( s ,n5

| 166.1 (47) , M U

£21.1(81)

W 2 =

1620.1

. 1540

9S5

0+-

965.0(100) Fig. VI-11 The experimental

level scheme of 194Pb fNes 82~1 .

VI-4 DISCUSSION.

lQfi

In this discussion both the level structure of Pb as well

as of Pb will be treated. The experimental procedures from

which the latter level scheme is deduced are given by van Nes

[Nes 82]. The resulting level scheme is presented in fig.VI.11.

Since J = 12 ~n is the maximum spin value which can result

from two aligned quasiparticles at low excitation energy, we will

treat the levels with J<12 "h separately from the states with a

higher spin value, and from the newly found isomeric states around

3 MeV excitation energy ( cf. fig.VI.8 and VI.11 ).
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EXPERIMENT

^tf / P 5/2"

i t I I I

b)
V CONFIGURATION

(°to.lN 196Pb)

99(4,4)

6* 66(2,3) •25(4,4 )

5" 39(2,4 ) «-34 (1,4 )
9 " 981 2.4 )

7" 32(2,4 >• 38(14 )

194 198 202 206 194 198 202 206 210

• A

Fig VI-12.a The energy of the lowest excited states in Pb nuclei ( dashed

lines, 13/,+,3/, ,5/, ,X/~ ), and in 1 9 4- 2 0 6p b nuciei ( drawn lines, 12
+,10+,8+,

+ + V - - -

6 ,4 ,2T,9~,7~,5~). The data on the odd A nuclei are taken from fsch 8q], and on

the even A nuclei Iron [Pau 73; Lin 78; Rou 79; Sch 80; and Nes 82~| and from

this work.

-12.b The level schemes of the even A Pb isotopes resulting from the one

broken pair calculation. Only the lowest calculated state for a certain spin is

given. The main configurations (in %) of a number of levels are presented in the

right of the figure. The shell model orbits represented by the numbers between

brackets are given in the top of the figure.

vr
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ê-i!
VI-4.1 The states with J < 12 tt

I
3

The levels up to the J = 12 state can all be interpreted

within the framework of the one broken pair model. It is therefore

relevant to consider the systematic trends of the low lying states

in the odd Pb nuclei which are assumed to have rather pure single

particle configurations. In fig.VI. 12.a the excitation energies
TT 13 "*" 3 ~ 5 ~ 1 ~

of the lowest J = / , /. , /„ and / states in odd
193-207

Pb nuclei are given. The decrease of the energy of the
TT 13 "*"

J = / state with decreasing mass number clearly indicates
JO

that the Fermi level for N =114 is close to the li ' / orbit.
2

This trend is also observed in the even mass Pb isotopes ( cf.
fig.VI. 12.a ). The excitation energy of the J = 10 , 12 states,

13 "^
which are assumed to have pure (i /_ } configurations
systematically decreases with decreasing mass number.

190-206
Calculations have been performed previously for Pb

within a two-quasiparticle approximation [Pau 73; Rou 79; Alb 72].

The basis was restricted to five neutron subshells, viz 3p / ,

3p3/„, 2f5/„, 2f7/. and Ii 1 3/ O. The strength of the surface delta

residual interaction was adjusted in order to reproduce the

position of the J = 10 excited states. Within the above basis,

the general trend of the J = 7 , 9~ ( and 12+ ) states is well

accounted for, but the J = 5 , 4 and 2 states are calculated

at too high energies. For the very neutron deficient isotopes

(A = 190,192) also the h /„ neutron orbit was included in the
it

calculation jllou 79] .

These calculations have been improved considerably by Allaart

and Hengeveld using a number projected two-quasiparticle model

72; Gun 76J. In the latter calculations also proton and

neutron particle-hole excitations are included, wnich are

t We thank Dr. K. Allaart and mr. E. J. Hengeveld for putting their resulta at our

diaposal prior to publication.
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'Table VI.5. Comparison of experimental level properties in 194#196pfcj with predictions of

Pautrat e t a l . [Pau 73] and the present calculation of Allaart.

exp.

' q 6Pb [pau

pres

exp.

lc"'Pb [Pau

pres

73]

. calc.

73]

. calc.

B(E2, 12+-U0+)

(e2 fm")

39 (4)

7.0

23

26 (4)

3.7

31

BIE2, 'i'-'l')

(e2 fm")

74 (7)

0.B5

11

153 (50)

0.55

12

B(E1,

(e2

1.16

1.8

2.2

> 3.8

7.1 *

2.1 *

5"-M+)

fm2)

* IQ"5

• .O"'

* io"2

. • o " 6

io-7

IQ"2

B(E3,

5

7

8

(e2

0(1

3 *

8 *

5"V
fm6)

.5) * IO3

-

• o 2

-
io2

9

-0

l-o

(12+)

16(l)a)

25) a'

-.019

-0

c-o
0.

16(l)a)

25, al

9

a) ref. [Rou 77]

, lg?/2 and 2d
5/2 shell model orbits.

important to describe the energy of the ( collective ) 2 +

( and 4 ) excitations. The configuration space for the neutron

and proton particles consists of the major shell containing the

3P1/-, 3p3/ , 2f5/ , 2f7/o, lh
9/_ and li13/_ orbits, and the

9 1 1 «5 1 r>

major shell containing the 2 g % , li x/ 3d /„, 4s /_, 3d /„

and lj / orbits. The neutron and proton holes could be created

in the 2d /%, 3sV 2, lh

A gap of 5 Mev was assumed between the filled and empty shells.

As effective interaction between the quasiparticles a delta force

was used. The neutron single particle energies were determined
207

from the experimental data on Pb and the odd-even mass

differe jes. The proton single particle and single hole energies

have bee*x deduced from the spectra of the odd Bi and Tl isotopes.

The level schemes of ~ Pb which result from the above

calculation are shown in fig.VI. 12.b, together with the

experimentally observed levels ( fig.VI. 12.a ). The excitation

energies of the experimental yrast levels are remarkably well

reproduced by the calculations. For 196Pb (194Pb), e.g., the

average energy difference between experimental and calculated

yrast levels is 101 (133) keV if all experimentally known levels

are included, and 65 (120) keV if the 2* state is excluded from

the comparison. The energy of the latter state is influenced

considerably by the gap parameter for the proton particle-hole
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excitations, and the value of this parameter seems slightly

overestimated. The wave functions which result from the

calculations indicate that the J = 12 , 10 and 8 states have a

pure (> 99%) (i 3/ o ), and that the J^ = 9~ state has a pure
E -1 ?3 - 1

(>99%) (f /„ , i /„ ) configuration, while the states with

J = 7 , 6 and 5 are considerably mixed. ( cf. fig.VI. 11.b ).

The results of the calculations of B(EX)'s and the g factor

of the J11 = 12+state are presented in table VI.5. In this Table

also the results of Pautrat et al. [Pau 73] and Roulet et al.

[ROU 77] are given. The agreement between experiment and the

present calculation is reasonable for the B(E2) reduced transition

probabilities and for the g factor. The B(E1) and B(E3) reduced

transition probabilities are, however, not well described within

this model, which possibly indicates a larger collective

contribution in the configuration of the J = 5 state.

VI-4.2 The isomeric states at E -3000 keV
. 194,196^ BXC

m Pi.

In Pb as well as in Pb an isomeric state is established

a few hundred keV above the J = 12 state. The properties of

these isomers are: E = 2932.8 keV, JU = (10~) and T1/ = 122(5) J
6XC 2 ':\

ns, and E = (3142.7 + AE) keV, J = (11~,12 ) and
1 e x c 1<}4 -'

T / 2 = 72(4) ns, respectively. The 2932.8 keV level in Pb

decays exclusively to the J = 10 state. The (3142.7 + AE) keV -V

level in Pb decays predominantly to the J = 12 + state, while

there are strong indications for a weaker branch to the J = 1 0 y

state. -,}.

In a two-quasiparticle approach the configurations of the -:

lowest excited J = 10~ and ll~states are (Vi / Vf / ) and '
13 -1 g -1 2 2

(Vi / Vh / ) respectively. Another possible configuration

would be the coupling rf the J = 2 + state to the J^ = 8~ or

9 two-quasiparticle states. ;
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In the former case unretarded ( as compared to the single

particle estimate ) Ml and E2 transitions to other quasiparticle

states are expected. In the latter case the E2 transition to the

J = 9~ state should be enhanced. Neither of these configurations
a - - 4

is in agreement with the retardation of 10 (10 -»• 9 ) or 11

Other two-quasiparticle configurations which establish a spin

J = 10,11 or 12 all imply at least one neutron ( or proton ) in

the next major shell, and are therefore expected at much higher

excitation energies. Hence the decay properties of both isomeric

states cannot be reconciled with predictions for two-quasiparticle

configurations. The measurement of the g factors and a better

determination of the spin and parity of these states are a

prerequisite to give a satisfactory explanation for the existence

of these isomers.

VI-4.3 The states with J >12

In the framework of neutron excitations, levels with J >12 "h

up to J = 20 are essentially four quasiparticle excitations.

The structure of these levels can be understood quite well if one

compares the systematic trends of these states with those of
17 29

three-quasiparticle states with spin ranging from / to / in

the adjacent odd Pb isotopes. The latter states have been

interpretend by the coupling of an i / neutron hole ( the i /

shell is assumed to be almost filled in this mass region ) to

excitations of the A+l even core. In this picture one can attempt

to describe the high spin four-quasiparticle states in the even

mass Pb isotopes by th<

holes to the A+2 core.

13mass Pb isotopes by the coupling of two aligned i / neutron

t We thank prof. dr. J. Bloaqviat for the stimulating diacuaaions about the high spin

atatei In ( light ) even Pb nuclei.
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3000

£_'

190 194 198 202 206

Fig. VI-13 (Top) A systematic

analysis of the energy

differences between corres-

ponding '"ites in Pb isotopes

with N, N-l , id N-2 neutrons.

The details of this analysis

are given in the text. The

J = 14 ,15 and 16' energies

-are taksn from [Nes 82~|(194Pb)

this work ( Pb) , [Bl° 82]

(198-204Ph) and [Lin 78]

(206Pb). The odd A data are

from [Me 78] < 1 9 3- 1 9 9Pb).

[Hel 81] (195-201Pb), [Sah 77]

(203Pb) and [Lin 76] (205Pb).

(Bottom) The ratio of the

energy differences between

(supposed) two i / neutron

hole states and the core:

{AE (j£ - 12+; A - 2) - AE

(JQ - 0
+; A)} and the energy

differences between (supposed)
13

one i / neutron hole states

and the core: {AE (J^ - 13/ ;

A - 1) - AE(j£ - O+;A)1 as a

function of A.

The systematic trends in the energies of the states with

J = 14 ,15 ,16 ,17 and 19~ in " Pb compared with the energies
1 7 / \ +*ot th^levels with J* = 1 7 /^ 2 \

a n d l n

odd Pb, and with the energies of the

J = 2 ,4 ,5 ,7 and 9~ states in even APb isotopes

( cf. fig.VI.13 ) indeed indicate the strong similarity of

corresponding levels in Pb isotopes with N-2, N-l and N neutrons.

Note that the J = 5 ,7 and 9 states contain already an
,13.

'a neutron, and that consequently the levels formed by the

coupling of an i / g neutron hole or an (i
13/„~ ) neutron hole
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1\ '

configuration to these states have one or two units of angular

momentum less than the maximum possible value.

In this systematic approach the interaction of one aligned

i /„ neutron with the J = 2 , 4 , 5 etc. excitations should be

represented by the energy differences {AE (2 -0 ) -

13 21 13 +

'2 }

— i oi — IQ ~
AE(5 -O ) - AE( / - / )}, etc. The interaction of two aligned

2 2

neutrons should then be about twice as large. The ratios between

the experimental energy differences {AE(2 -0 ) - AE(14 -12 )},

{AE(4+-0+) - AE(16+-12+)}, and {AE(5~-0+) - AE(15~-12+)} and the

above experimental energy differences are indicated in the lower

part of fig.VI. 13, and are indeed very close to the value two.

If we extrapolate this remarkable systematic behaviour

exhibited by the JU = 14+,16+,15~ levels to states with Jïï=17~ and

19 , these levels would be predicted in Pb around 4550 keV and

4750 keV excitation energy, respectively, on the basis of the

position of the J = 17 ,19 levels in even Pb and

J = /„ , /„ levels in odd ~ Pb isotopes. There have
7T — — 194 196

been no J = 17 ,19 levels observed in ' Pb, however, around

the predicted excitation energy. One might speculate that the

experimental observation of these states is strongly hampered if

the excitation energy of the 17 state is larger than that of the

lowest J = 16 leveln, such that decay by a Ml transition is

possible. A low energy, strongly converted Ml transition between

the J = 17 and 16 levels could have escaped very well from our

observation.

The J = 18 and 20 states fit again very well in the

systematical approach. The relatively large energy differencebetween the J = 20+ and the = 18+ levels may reflect that they

main configuration of the latter state is ( i / 12+8 6 +).

The gy f th 6 t t f l l i f h iThe energy of the 6 state as following from the two-quasiparticle
5 -1 7 -1

calculation is 2 3 MeV The main configuration is (f / f / )

cf. fig.VI.12.b.

5 7
calculation is 2.3 MeV. The main configuration is (f / f / ),

r
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I- The interpretation of the J = 20+ state at (5443.9 + A E ) keV as
"" 13 ~4

ii a pure (i / ) configuration is strongly supported by the energy

I difference {AE(20+-12+, 196Pb) - AE(12+-0+, 198Pb)}, which is

S only 50 ± 50 keV.

*, One may conclude that this interpretation of high spin states

\' . in the nuclei Pb and Pb based on systeraatics provides a

£> ' remarkably consistent description of these states, except for the
ft> levels with J^ = 17~,19".
*-*
•V:

* i A further understanding of the structure of the levels

I discussed above can be obtained from a four-quasiparticle

;-,;• calculation. Such calculations have been performed by Allaart and

I;'. Hengeveld using the number conserving two broken pair formalism

' developed by Bonsignori and Savoia ([Bon 8ÏJ and references

therein ). Since the observed states with J < 12 1i ars described

V. very well in a two-quasiparticle formalism ( except for the
i - - + 1Q4 196

isomeric (10 ), (11 ,X2 ) states in X!7'1>X!'Dpb )_ the four-

'* qua'siparticle calculations were confined to configurations

yielding a spin J >10 "n. The configuration space for the quasi-

particles contained 5 neutron shell model orbits, viz. 3p / ,

3p3/o, 2f
5/_, 2f7/o and Ii

13/O. No proton particle-hole

excitations were included. As a consequence the calculated

energies of high spin states which result from the coupling of a
13 —2(i / ) configuration to a "collective" state are expected to

i be much to high.

' The results of the calculations are presented in fig.VI.14,

[ together with the corresponding experimental data. Except for the

i J = 14 and 15 states, the general trend in the energies of the

[ experimental levels is reproduced very well. If we rescale the

v energies of the calculated levels in such a manner that the

7- J = 16 state coincides with the experimental J = 161 state,

t We are grateful to dr. K. Allaart and nr. E.J. Hengeveld for performing the four-

quasiparticle calculations and for putting their results to our disposal.
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ui

t
Fig. VI-14 The results of

the 4q.p calculation (left)

compared with the experimental

levels for JltjlO+. Not all

the calculated levels are

given, but only the lowest

states of a certain sptn value

are presented in this figure.

the average energy-difference between calculated and experimental

levels is as small as 43 keV. Such a rescaling of the calculation

with about 400 keV may be allowed because of possible six-quasi-

particle admixtures in the configurations. Due to these

admixtures, which are not included in the four-quasiparticle

calculation, the energies will systematically decrease [All 82J.

The results of the four-quasiparticle calculations can be

reconciled very well with the systematic approach discussed in the

beginning of this section. The more collective states are treated

well in the latter approach, which is reflected in the behaviour
TT + —

of the J = 14 and 15- levels. The relatively pure four-quasi-

particle states like the J = 20 level are described well in

both the systematic and the microscopic approach. The suggestion

that the excitation energy of the JU = 17~ state is larger than

the energy of the J = 16 is in accordance with the four-quasi-

particle calculation.
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I.

Summarizing the properties of the observed levels in ' Pb

with J >12 "h, we can conclude that descriptions which assume only

neutron quasiparticle excitations very well account for the
194

Pb andexcitation energies of the observed high spin states in

Pb. There is no experimental evidence found in these nuclei

which indicates that collective motions become important modes

of excitation in the neighbourhood of the yrast line for spin

values J < 20 1i.

i
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C H A P T E R V I I

SUMMARY.

"-;. In this thesis a description of spectroscopie studies of
t~f 118 120 196
~\ excited states in the atomic nuclei Te, Te and Pb is
f - 12
3". presented. These nuclei were excited via (a.xny) and ( C.xnY)
!i- reactions. The experimental information was obtained by the/ investigation of the emitted gamma and electron radiation.

The most important instrumental development described in this

; thesis is the design and the construction of a sumspectrometer

for the measurement of the total excitation energy released by the

emission of Y~rays in heavy ion induced reactions. This sumspectro-

meter consists of a cylinder of Nal(Tl) scintillation material.

The measured total Y-ray efficiency ranges from 96% at 0.2 MeV to

92% at 2.8 MeV gamma-ray energy. These values are close enough to

the ideal value of 100% to ensure a linear relationship between

:,; the detected and the original total energy for varying

; y-cascade energy and multiplicity. ( Chapter III ).

The Nal(Tl) sumspectrometer is sensitive not only to Y-rays,

; but also to neutrons which are inevitably present in ( H.I.,xnY )

': reactions. Therefore we measured the response of Nal(Tl) detectors

: of various sizes to neutrons with energies 0.7< E < 13 MeV, i.e.

I n

1 the typical energy range for evaporation neutrons. From these
I

(. measurements it was deduced that the average probability that an

I evaporation neutron interacts with the sumspectrometer is 20%, and

•„ that the average energy deposited per interacting neutron in the

f sumspectrometer is equivalent to 1.5 MeV y-*ay energy.

'{ ( Chapter IV ).

\ The measurement of the total Y-decay energy E„ with the

I L

f sumspectrometer was used in this thesis to select specific neutron
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loo in 2OO—x

evaporation residues from the reaction Os ( C.xnY) Pb.

The absolute value of E« was also compared with a prediction of

the energy of the centre of gravity of the entry population by a

statistical model. The agreement between the experiment and

calculation is satisfactory.

The results of the measurements on ' Te and Pb are

presented in Chapter V and VI.

The observed level structure of the Tellurium isotopes is

characterized by regular band structures interrupted by two-quasi-

particle excitations. The excitation energies and the decay

properties of the excited states in these nuclei are compared with

results of theoretical calculations performed within the

macroscopic IBA and the microscopic proton-neutron-one-broken-pair

models. Nearly all experimentally observed excited states can be

explained in the frame-work of these two models.

The observed level structure of Pb up to the J = 12 state

can be accounted for fairly well by the one broken pair model.

Above the J = 12^ level the observed structure is more complex.

The interpretation of the states with higher spin values in terms

of a neutron two broken pair approximation is very succesful,

though not all experimentally established states can be described.

It is remarkable that the state with the highest observed

spin value ( J = 2 0 ) is very well described in this four

quasiparticle model.
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SAMENVATTING.

In dit proefschrift worden spectroscopische studies beschreven

| van de atoomkernen van twee isotopen van het element tellurium (Te)

: en van een isotoop van het element lood (Pb). Het aantal nucleonen

- protonen en neutronen - in de hier bestudeerde Te kernen ( 52

§ protonen ) bedraagt respectievelijk 118 en 120, en in de Pb kern

'-\ ( 82 protonen ) 196. Bij het bediscussiëren van eigenschappen van
'X' 196

'; Pb wordt veelvuldig gerefereerd naar experimentele resultaten

I betreffende Pb, welke in het proefschrift van P. van Nes

I. beschreven worden.

i De eigenschappen van atoomkernen die in deze studie worden

|' onderzocht, worden bepaald door de wisselwerking tussen de

• nucleonen waaruit de kern is opgebouwd. Een exacte beschrijving

van de eigenschappen van een atoomkern uitgaande van die wissel-

werking ( mikroskopische beschrijving ) i s niet mogelijk, zowel

omdat de wisselwerking niet exact bekend i s , als vanwege het grote

| : aantal deeltjes in de kern. Het is daarom noodzakelijk kernmodellen

te formuleren. In de verschillende kernmodellen wordt de

mikroskopische beschrijving van kernen benaderd, of wordt uitge-

• gaan van collectieve beweging van alle nucleonen samen.

Het doel van de gamma spectroskopie i s het verkrijgen van '
: experimentele informatie over eigenschappen van aangeslagen
: toestanden van atoomkernen. De experimentele resultaten worden •

; vergeleken met voorspellingen door kernmodellen, om aldus een

dieper inzicht te verkrijgen in de structuur van een atoomkern. -1

> 'A

«' De bestudering van aangeslagen toestanden van atoomkernen die »-

\ een hoog impulsmoment bezitten is veelal alleen mogelijk d.m.v. ' \

] "compound" kern reacties. Een compound systeem wordt gevormd door '

\- de complete fusie van een projectiel en een trefplaat-kern. De

:: hoge excitatie-energie van dit systeem wordt voor het grootste

deel afgestaan door de emissie van protonen, neutronen of '*>

; a-deeltjes, tot, op grond van energie en impulsmoment &
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beperkingen, deeltjes emissie niet meer mogelijk is. De

aangeslagen toestand waarin de kern zich dan bevindt wordt het

"entry point" genoemd. De deexcitatie van het entry point vindt

plaats via electro-magnetisch verval.

Door de bestudering van de uitgezonden gamma-straling en de

bijbehorende conversie-electronen kan men inzicht verkrijgen in de

eigenschappen van aangeslagen toestanden met een hoog impulsmoment

en/of een hoge excitatie-energie. Informatie over de eigenschappen

van individuele aangeslagen toestanden kan echter alleen worden

verkregen als deze toestanden voldoende sterk gevoed worden in het

gamma-verval van deze kernen. De uitgezonden gamma-straling is dan

waarneembaar in spectra ( opgenomen met detectoren met een hoge

resolutie ) als scherpe pieken gesuperponeerd op een continue

ondergrond van gamma-straling. De methoden die in dit proefschrift

gebruikt worden om uit de eigenschappen van deze gamma-overgangen

excitatie-energieën, spins, pariteiten en halveringstijden van

aangeslagen toestanden af te leiden worden samengevat in

hoofdstuk II (" Discrete line gamma and electron spectroscopy " ).

Bij deze studies wordt echter slechts een gedeelte van de

informatie die vervat is in het gamma verval van het entry point

gebruikt. In dit proefschrift wordt aangegeven dat de grens van het

gebied waar deze discrete lijn spectroskopie toepasbaar is, verlegd

kan worden door tegelijkertijd ds totale Y~vervals energie ( dat is

de excitatie-energie van het entry point ) te meten. De somspectro-

meter waarmee deze metingen worden verricht wordt beschreven in

hoofdstuk III, en vc>rbeelden van de combinatie van spectroskopie

van discrete lijnen en spectroskopie van de totale y-vervals

energie worden aangegeven in de hoofdstukken III, IV en VI.

Aangezien het Nal(Tl) scintilatiemateriaal van de somspectro-

meter niet alleen zeer gevoelig is voor y-straling, maar ook voor

neutronen die onvermijdelijk vrijkomen bij de gebruikte fusie-

evaporatie reacties worden in hoofdstuk IV de resultaten

gepresenteerd van metingen aan de responsie van Nal detectoren op

neutronen. Uit deze metingen blijkt dat de gemiddelde



127

interactiekans van een neutron met een energy gelijk aan de

energie van een evaporatie-neutron ongeveer 20% is voor de

somspectrometer. De correctie van experimentele somspectra voor de

bijdrage van neutronen bedraagt ongeveer 1.5 MeV per wisselwerkend

neutron.

De resultaten van onderzoek aan aangeslagen toestanden met
118 120 196

impulsmoment J<20 "h in de kernen Te, Te en Pb worden

gepresenteerd in de hoofdstukken V en VI.
118 120

De experimenteel gevonden niveauschema's van Te en Te

vertonen onderling zeer grote overeenkomsten, evenals de niveau-
196 194

schema's van Pb en ( zie P. van Nes ) Pb. Zeer grote

verschillen zijn echter waarneembaar tussen de globale structuur

van de Pb en de Te kernen.

De regelmatige structuren die waarneembaar zijn in de niveau-

schema's van de twee Te isotopen duiden op een grote bijdrage van

collectieve excitaties. Slechts daar waar toestanden, die ontstaan

doordat een gecorreleerd paar nucleonen wordt opengebroken, een

lagere excitatie-energie bezitten dan collectieve toestanden met

hetzelfde impulsmoment, worden deze regelmatige structuren door-

broken. De excitatie-energieën van zulke toestanden, die gekenmerkt

worden door configuraties met opengebroken paren nucleonen, blijken

zeer goed weergegeven te worden door berekeningen met het "proton-

neutron-gebroken-paar" model. De collectieve excitaties kunnen

worden beschreven met de vibratie-limiet van het "Interacting

Boson Approximation" model (IBA).

De zeer onregelmatige structuren en de isomeren in de niveau-

schema's van de beide Pb isotopen duiden erop dat collectieve

excitaties hier niet domineren. Alle waargenomen niveaus onder de

J = 12 isomere toestanden kunnen in een berekening met twee

quasideeltjes in een uitgebreide configuratie-ruimte goed beschreven

worden. Omdat in deze kernen J = 12 "n het hoogste impulsmoment is

resulterend uit de excitatie van slechts één paar nucleonen bij

een relatief .lage excitatie-energie, zouden minstens twee paren
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nucleonen opengebroken moeten worden voor de excitatie van

toestanden met een hogere spin. Op grond van een empirisch

systematische beschouwing van één neutron excitaties in oneven Pb

t isotopen en twee neutron excitaties in even Pb isotopen kunnen
F 194 196

vrijwel alle waargenomen aangeslagen toestanden in Pb en Pb

* met spin 12 < J < 20 geïnterpreteerd worden als vrij zuivere

f vier-quasideeltjes excitaties. Deze interpretatie ondersteunt

'f voorspellingen van de excitatie-energieën van vier-quasideeltjes
!•• 196

•> toestanden in Pb door een berekening waarin twee paren neutronen

f>, worden opengebroken. Het J = 20 niveau is de eerste in dit

»: gebied waargenomen toestand die voornamelijk veroorzaakt wordt

[:' door de excitatie van vier neutronen uit de i / schil.

V Het opmerkelijke is dat eigenschappen van deze toestand zeer goed

' weergegeven worden uitgaande van deze eenvoudige configuratie.
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STELLINGEN

1. Ten onrechte besteden Folkman et al. geen aandacht aan de door hen
gevonden extreem hoge ligging van de entry lijn in verdampingsresi-
duen van de compound kernen 100Ru* en 160Er*, geproduceerd in
(50Ti,xnypY) reacties. De geldigheid van het statistische model ter
beschrijving van het verval van 'koude' kernen met een zeer hoog
impulsmoment moet op grond van deze resultaten in twijfel worden
getrokken.

F. Folkman et al., Nucl. Phys. A361 (1981) 242

2. Door de meting van de totale gamma vervalsenergie in een (H.I., xny)
reactie worden de excitatieenergieën van de aangeslagen toestanden in
het entry gebied vastgelegd. De meting van de multipliciteitsverdeling '
van de gamma-straling verschaft gegevens over de verdeling van de
impulsmomenten in dit gebied. Deze multipliciteitsverdeling kan ook
verkregen worden uit de gelijktijdige meting van de totale y-vervals-
energie en het spectrum van de individuele vervalsgamma's die
verantwoordelijk zijn voor de deexcitatie van het entry gebied.

3. De door De Boer et al. voorgestelde gewichtsfactor W voor de ;•
vorming van tetra-neutronium in de reactie I30Te (3He,xn) met x ̂  4 \
is onrealistisch groot. Een reële keuze van W leidt tot de conclusie dat , -
de bovengrens voor de vormingskans van 4n zoals gevonden door De
Boer et al. van dezelfde orde van grootte is als de door Detróz
waargenomen vormingskans.

F.W.N, de Boer et al., Nucl. Phys. A35O (1980) 149 ^
C. Detraz, Phys. Lett. 66B (1977) 333

4. Niet het verschijnsel backbending is uitzonderlijk, maar het totaal -̂
ontbreken van backbending in een roterende kern is opmerkelijk.

5. Om te komen tot een relatie tussen de hoeveelheid van een sporen-
element in het lichaam en de concentratie ervan in menselijk haar
dienen elementdeposities in het haar van buiten af zo veel mogelijk
geëlimineerd te worden. De hiertoe door het IAEA voorgestelde : ,;
wasprocedure is ineffectief, met name voor de elementen Pb en Fe. . •'



6. 'Continue ambulante peritoneale dialyse' (CAPD) heeft als voordeel
dat nierpatiënten niet meer afhankelijk zijn van centrale dialyse
voorzieningen. De continu aanwezige, sterk verhoogde kans op
buikvliesontsteking bij patiënten die via CAPD behandeld worden
heft het psychologische en financiële voordeel van deze methode
vooralsnog op.

7. Splijting van de compound kern vormt de belangrijkste belemmering
voor het bestuderen van neutron-arme kernen in het massa gebied
A=200 met complete fusie compound kern-reacties ingeleid door 12C
bundels. Door compound systemen te produceren m.b.v. een incom-
pleet fusie proces (12C,axnY) kan de studie van neutron arme isotopen
in dit massagebied worden uitgebreid.

8. Liberalisering van een wet kan nooit een programmapunt zijn van
een socialistische partij.

9. Verlagen van de aanvangssalarissen van promovendi en verdergaan-
de algemene korting op (ambtenaren-) salarissen maakt het on-
waarschijnlijk dat het huidige niveau van uiterlijk vertoon bij promo-
ties in de toekomst gehandhaafd kan worden. Het bieden van de
mogelijkheid om een proefschrift als interne publicatie onder het
beheer van de desbetreffende (sub)faculteit uit te geven is een eerste
stap om aan de veranderende financiële omstandigheden tegemoet te
komen.

10. Architecten en planologen dienen bij de keuze van bouwmaterialen
en bouwlocaties meer aandacht te besteden aan het recht op stilte.

21 juni 1982. J.J. van Ruyven


