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ABSTRACT

The low lying 3

state of the even-mass barium

isotopes has been investigated by the scattering of 20 MeV
a-particles at 175° and by coulomb excitation with
40 MeV

12

C ions at 90°.

Candidates for the first 3

state are identified in 130/132'134'136 *138Ba at
excitation energies of 1.948, 2.070, 2.253, 2.532 and
2.881 MeV respectively and the B(E3;0+ ->3

electromagnetic

transition strengths have been measured for I3
ranging from 24 to 17 W.u.

2 *

l3^/136,138ßa

The observed variations in

excitation energy and electromagnetic transition strengths
indicate that the first 3
octupole vibrations.

states may be attributed to
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CHAPTER 1
NUCLEAR MODELS

1.1

General Concepts
One of the main objectives of the study of nuclear

structure is to describe and predict observable features
of nuclei.

While it may be true that, in principle, the

properties of any nucleus can be determined from the
experimentally deduced nucleon-nucleon potential, in
practice such solutions prove to be extremely difficult
to determine.

The complexity of a complete, microscopic

approach to the problem prompted the development of simple
conceptual or mathematical models capable of describing at
least some of the observed properties of the nuclei.
The success of such phenomenological models lies
in their ability to account correctly for the outcome of
experiment, as well as the physical insight they often
yield.

Naturally all such models have limitations of one

sort or another; often however, these limitations may reveal
as much of the physical reality as their successes.

None

of the models developed to date are able to predict all
of the properties of a nucleus, however, many show some
validity in appropriate cases, and offer substantial
physical insight into the behaviour of the nucleus.

Three

of the simpler models, which when taken together are able
to predict most types of behaviour exhibited by nuclei,
are discussed below.
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The Single Particle Model
In this model the simplifying assumption is made
that the effect on a nucleon of all the other nucleons
present in the nucleus may be approximated by a simple,
self-consistent, spherically symmetric potential well.
However, in order to account for the observed periodic
properties of nuclei, it is necessary to introduce other,
originally poorly understood, forces.

Thus, a strong spin-

orbit coupling force needs to be considered, as well as a
pairing force which induces nucleons, in any given eigenstate,
to form pairs of total angular momentum zero.
Support for this model derives from the correctly
predicted shell behaviour of the nuclei.

With a suitable

choice of the sign and magnitude of the spin-orbit potential,
the predicted eigenstates for the individual nucleons are
resolved into groups, called shells (see figure 1.1).

Thus

a nucleus having a closed shell of nucleons is particularly
stable relative to its neighbours.

The number of protons

or neutrons necessary to form a closed shell are 2, 8, 20,
28, 50, 82, 126,... and are referred to as the "magic
numbers" (En66, pp 149).

As well as being able to account

for the magic numbers, the single particle model is able
to predict ground state spins and parities over a large
range of nuclei (En66, pp 153).

Thus, assuming that neutrons

and protons occupy the single particle states independently
and form pairs, of angular momentum zero, nuclei having
even numbers of both neutrons and protons (henceforth
referred to as "even-even" nuclei) are expected to have
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2

Predicted single particle excited states
showing the predicted magic numbers (Re72).
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ground states of zero angular momentum quantum number, and
7T

even parity (J

+

= 0 ). Similarly, the ground state spins

and parities of even-odd or odd-even nuclei are expected
to be equal to the spin and parity of the odd unpaired
nucleon in the lowest available single particle orbit.
Experimentally, the ground states of the even-even
nuclei always have J

7T

+

= 0 , however, the predictions for

the even-odd or odd-even nuclei fail in a substantial
minority of cases (En66, p 156).

These failures are

mostly attributable to marked deviations from spherical
symmetry of the nuclei concerned.
The single particle model also makes predictions
of the excitation energies, spins and parities of excited
states in nuclei.

In the simplest cases such excitations

are regarded as being due either to the breaking of a
"pair" of nucleons, so that the angular momenta of the
pair couple to produce non-zero resultants, or to the
raising of a single nucleon from one single particle state
to one of higher energy.

Excited states corresponding

to such predictions are observed in a limited range of
nuclei, usually those in the vicinity of closed shells.
In these cases the number of "valence" nucleons or holes
(in closed shells) is small.
The deficiencies of the model in its simplest form
may be removed, at least partly, by the inclusion of
additional features.

For example, many nuclei are better

described by a single particle model with a deformed,
rather than spherically symmetric, potential (the Nilsson
model, Ni55) .

Additionally, the residual interactions

5

between nuclei (those forces not accounted for in the
overall potential) may be explicitly included.

Furthermore,

the various states of nuclei are more commonly described by
combinations of two or more configurations of the nucleons
within single particle states.
In its more refined forms the single particle model
enjoys considerable success.

Apart from accounting for the

excitation energies, spins and parities of many nuclear
states it also makes predictions of other nuclear parameters
such as electromagnetic transition strengths between states,
static electric quadrupole moments, magnetic dipole moments
and so on.

Nevertheless, even in its more refined forms

the success of this model is variable and often achieved
at the expense of greatly increased complexity, both in
concept and calculation.

In particular the single particle

model cannot readily account for the greatly enhanced
electromagnetic transition strengths between some states
in certain nuclei.

The properties of these states are

more readily understood if they are attributed to the
co-operative, or collective, motion of a large number of
nucleons rather than the essentially independent motion
of a few nucleons.

1.3

Collective Models
In the collective models the assumption is made

that a large number of nucleons engage in a collective
or cooperative motion, rather than the more or less

6

independent motion of just a few nucleons.

Collective

motion in its simplest aspect is considered to take
either the form of rotation of a spheroidal nucleus
having axial symmetry (Bo75), or as the harmonic vibrations
of the nuclear surface about a spherical equilibrium shape
(Bo53).

Thus the nucleus can be understood as an ensemble

of nucleons capable of exhibiting excited states due to
either the deviation of one or more nucleons to higher
single particle sub-shells, rotations of the nuclear
shape, surface vibrations of the nucleus or a combination
of any of these three phenomena.
In 1953 Bohr and Mottelson merged the single particle
and collective models to produce a unified model (Bo53).
They achieved the unification by considering nuclei as
systems of independent nucleons moving in a vibrating
or permanently deformed potential well having a selfconsistent shape.

Later unified models proposed a

description of collective states in terms of interacting
bosons;

see for example Arima et al. (Ar76).

However,

where single particle excitation energies are large
compared to excitation energies associated with collective
motions, the unified models usually reduce to the simpler
rotational or vibrational models.

This is often the case

for even-even nuclei, where the first excited state due
to single particle excitations is often separated from
the ground state by a gap of order of 2 MeV.

With this

in mind it is instructive to examine the simpler rotational
and vibrational models separately.

7

1.4

The Rotational and Vibrational Models
In the simple rotational model the nucleus is thought

of as an axially symmetric spheroid (A156), the rotations
of the surface shape of the nucleus producing bands of
excited states.

Thus the rotational model is expected

to be most appropriate for those nuclei that exhibit
significant deviations from sphericity.

Such regions

of nuclei are for 19 < A <26 and 155 <A <190 and for all
nuclei having N >140 (Bu63, p 445);

indeed in these

regions the nuclei do exhibit many rotational properties.
For an even-even nucleus the rotational excited states
form a band of levels having spins and parities J

=0,2,

4+ ,6+ ... with excitation energy proportional to J(J+1)
(figure 1.2).

Such rotational bands are observed in many

nuclei to a very good approximation; for instance figure
17 0
1.3 shows the excited states of
Hf. Rotational bands
may also be built upon excited states having a single
particle nature, since such states often have significant
deformations. An excellent example of such behaviour is
38 (figure 1.4). In addition to these
the nucleus 2noU
yz
predictions, the rotational model predicts electromagnetic
transition rates between excited and ground states that are
much greater than the transition rates between similar
single particle excited and ground states.
In the simple vibrational model the nucleus is
considered to behave as an incompressible fluid, exhibiting
surface standing waves analogous to classical surface waves
of a liquid drop (Pr75, p 345).

This behaviour is most
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Predicted energy level scheme for
even-Z, even-N rotational nuclei.
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marked for nuclei not having large permanent deformations
and thus not far removed from closed shells of nucleons.
In those cases where vibrations have been observed in
deformed nuclei their excitations, are to some extent,
masked by rotational excitations also present.
In the simplest treatments, the nucleus is assumed
to behave as an incompressible liquid drop, with a well
defined nuclear surface, of undisturbed radius R 0.

The

nuclear shape is represented by the radius vector, expanded
in the spherical harmonics, Y^(0,(f>);
A

R<e ,<(>)

=

Roll +

2 a, (tJY1^* (6,<p) ]
Ay Ay
A

...(1.1)

Vibrations of the nuclear surface are represented by the
time dependence of the amplitudes a, (t), and are treated,
Ay
quantum mechanically, as phonons obeying Bose-Einstein
statistics.

Thus a A,y phonon has total angular momentum

A, z-component y, energy hoo^ and parity (tt = (-)^).

Excited

states are the result of one or more vibrational phonons and
have excitation energy:

E
n

=

hw.n ,
A

n=0,l,2,...

where n is the number of phonons and w

...(1.2)

is the classical

frequency of the surface oscillation which may be obtained
from consideration of the radius, density, surface energy
and Coulomb energy of the nucleus (Pr75, pp 344).
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The A=0 vibration corresponds to the "breathing"
mode, where the radius oscillates while the nucleus
maintains its spherical shape.

Owing to the relative

incompressibility of nuclear matter this excitation would
occur at very high excitation energy.
The A=1 vibration corresponds to translation of
the whole nucleus and is of no interest with regard to
surface oscillations

(Be79).

The A=2 vibrations are the so-called quadrupole
vibrations.

The excited state arising from one quadrupole

phonon is the first excited state of a vibrational nucleus of
even-Z and even-N and has spin and parity 2+ .

The excited

states arising from two quadrupole phonons are expected to
be degenerate, having spins and parities 0+ , 2 + , 4+ , and an
excitation energy twice that of the single phonon quadrupole
state.

Similarly, three phonon vibrations are expected to

produce degenerate levels having spins and parities of
0+ , 2+ , 3+ , 4+ , 6+ at triple the single phonon excitation
energy.

However,

the potential well

in real nuclei small anharmonicities in
remove the degeneracy.

The A=3 vibration is the octupole vibration producing
a state of spin and parity 3

usually at somewhat more than

twice the excitation energy of the single phonon quadrupole
state.
The A>3 vibrations are seldom observed.
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1.5

Predicted features of Vibrational Nuclei
The predicted energy level scheme for an even-Z,

even-N nucleus is shown in figure 1.5.

The existence of

a 2 + first excited state is a feature of vibrational nuclei,
however, such states may also arise from either rotations
of a deformed nucleus or single particle excitations.

Thus

a 2+ first excited state cannot be regarded as evidence for
the existence of collective vibrational excitations, unless
accompanied by a triplet of states having J77 = 0+ , 2+ , 4+
at approximately twice the excitation energy of the observed
first excited 2 + state.

An excited state of spin and

parity 3 , at low excitation energy, is good evidence for
the existence of vibrational behaviour since neither the
rotational model nor the single particle model are readily
able to account for such a state.
Since the collective model parameters depend on a
large number of nucleons, the addition or removal of a
small number of nucleons should not greatly affect the
spectra.

Thus, the collective features are expected to

show regularity over neighbouring isotopes in contrast
to the marked differences the addition or removal of a
nucleon would make to single particle spectra.
All of the predicted features have been observed
in some nuclei.

Figure 1.6 shows the energy level diagrams

of the stable even-mass cadmium nuclei; clearly these have
a first excited state of spin and parity 2+ followed by a
triplet of 0+ , 2+ , 4+ spin and parity at roughly double
the excitation energy of the first 2+ state, a 3

state
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even-N cadmium nuclei as determined from scattering
of 4He ions (Sp77 ).

15

Vo

'ro

ro
+

CM

'co
■f

(NI tj- (NI O

Vo
cm

+V
cm

+rs,t,
tr

-4. 44-

CM

O

"O
c_j

CM

■O
CJ

cm

+•
CN

CM

+

o

LJ
UD

TJ

O

16

at larger excitation energy and a large degree of uniformity
over the neighbouring isotopes.
like a vibrational nucleus,

Cadmium clearly behaves

and one would expect to see

similar features in the neighbouring mass nuclei.
The nuclear models,

so far discussed,

are also

able to predict some of the properties of nuclei associated
with transitions from one excited state to another.

In

particular they may predict the reduced electromagnetic
transition rates between excited and ground states.
reduced transition

rate or probability,

The

B(A, tt), is related

to the partial width of the gamma transition in question by
dividing out the calculable angular momentum - and energydependent factors,

r A ,7T

as shown in equation 1.3

8tt (A + l)
A [(2 A+ l ) ! !] 2

JY
he

(Pr62, p 299).

2 A+ l
. . . (1.3)

B (A ,tt)

Here A is the angular momentum quantum number,
it the parity

and

the energy of the gamma transition

from an initial level with spin
spin J f .

to a final level with

B(A, tt) is related to the reduced matrix element

between the initial and final state ( J^ll m (A tt)II

B(A, tt) = 2J1+ 1
ui

1^ vJfl!m

> by

(A,TT)||cri> | 2

...(1.4)

with m(A,7r) being the appropriate multipole operator of
the electromagnetic interaction

(Sk67).

For purposes of comparing the strengths of transition
it is useful to introduce the so-called single particle

17
estimates of the reduced electromagnetic transition
strengths.

Their values are based on the assumption

that the transition involves only one nucleon

(A156).

These strengths are for electric and magnetic multipoles
respectively,
B

B

sp

sp

(EA) 4-

1.2 2A A 2A/3

(MA) 1

1.2

2\-2

A

[fm2Ae 2 ]

3

[fm

2 A -2

... (1.5)

y o 2 ] ... (1.6)

Here the downward arrow refers to the de-excitation
probability,

the factor 1.2 is the nuclear radius parameter,

I
i.e. R = 1.2A3 fm, and y 0 is the nuclear magneton.
These values define the so-called Weisskopf units.
Generally in both the rotational and vibrational
models the reduced electromagnetic transition rates between
excited and ground states are greatly enhanced over the
single particle transition rates discussed above.

Further

more the vibrational model predicts that the quadrupole
(i.e.

A=2)

transition rate from a two phonon to a one

phonon state is exactly twice the transition of the one
phonon to ground state

(Pr75, p 352);

B(E2; N = 2 + N = 1) = 2B(E2; N = 1 - * N = 0 )

In addition,

transitions between vibrational states are

expected to obey the selection rule AN^=1,
"cross-over" transitions,
the ground state,

therefore

as from a two phonon state to

are forbidden and static electric

quadrupole moments of excited states should be zero

...(1.7)
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(Pr75, p 351).

Both of these transition rules have been

found not to be strictly observed for quadrupole phonons.
114
Nuclei which are otherwise "good vibrators" such as
Cd
have been found to have non-zero although small quadrupole
moments (Es76), and weak

=2 to

=0 transitions have

been observed.
In view of the wide applicability of the vibrational
model, it is of some interest to investigate nuclei that
are expected to be "good vibrators" in order to determine
the successes and limitations of this model.
the existence of 3

In particular

levels at small excitation energies,

~ 2 MeV, points towards vibrational excitations in nuclei,
thus these levels merit further observation.
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CHAPTER 2
SURVEY OF PREVIOUS STUDIES OF VIBRATIONAL STATES

2.1

Introduction
A great deal of work carried out in the past has

been concerned with the identification of collective
states and the determination of their properties.

This

is chiefly due to the large number of nuclei that exhibit
collective behaviour.

Much of this work has investigated

particularly the vibrational motion of nuclei.

Previous

experiments concerned with the study of vibrational
behaviour may generally be grouped into either or
occasionally both of two categories according to their
aims.

In the first category are those experiments designed

to determine the level schemes of the nucleus in question,
i.e. the excitation energies, spins and parities of the
excited states of the nucleus.

In the second category

are those experiments designed to determine the electro
magnetic properties of the nucleus in question; properties
such as decay schemes and transition rates and to a lesser
extent the quadrupole moments of the excited states.

In

both cases the properties that are observed may be compared
with specific and direct predictions made by the vibrational
model, since many, but not all, of these predictions are
distinct from those of other models.
Those experiments that fall into the first category
commonly employ the following methods:
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Particle spectroscopy following pick-up or
stripping reactions (as an example see Jo71
and Fu62).
Particle spectroscopy following inelastic
scattering of light ions (see, for example,
Co61).
Other methods that are less commonly used but also yield
decay schemes include:
Measurement of the y-rays accompanying the
3-decay of radioactive nuclei.
Measurement of the y-decay following neutron
capture.
Heavy ion, xn reactions, but these are usually
more applicable to levels with large angular
momentum.
In the second category of experiments the more commonly
employed techniques include:
Hyperfine interactions (Mössbauer or perturbed
angular correlation experiments;

see, for example,

Gu79, Kr77), yielding electric quadrupole moments
subject to considerable uncertainty.
Particle spectroscopy of inelastically scattered
projectiles, yielding electromagnetic transition
rates (see, for example, Ba72).
Coulomb excitation with light or heavy ions,
yielding electromagnetic transition rates (see,
for example, Ba70).
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Less commonly employed techniques include:
Elastic and inelastic electron scattering
yielding electromagnetic transition rates.
-

Doppler shift measurements on y-decay of
recoiling nuclei yielding lifetimes of excited
states and hence electromagnetic transition
rates, however this method is more commonly
used for the lighter mass regions.

Of these methods, particle spectroscopy of
inelastically scattered projectiles and Coulomb excitation
have proved to be particularly useful for the study of
collective features of nuclei.
In the first case it is well established (Ba62,
Be69) that single-phonon vibrational states are strongly
and selectively populated in elastic scattering of light
projectiles at bombarding energies above the Coulomb
barrier.

Such reactions are observed to occur by a fairly

simple direct mechanism.

Angular distributions of these

inelastic scattering reactions can be adequately described
by the distorted wave Born approximation (DWBA) or coupled
channels formalism and this treatment can yield spin and
parity assignment to the levels in question.
In the past, protons, deuterons and a-particles have
been used for such studies.

Alpha particles in particular

have been much used,since, because of their strong
absorption in the target nucleus, the inelastic scattering
occurs principally by a surface interaction leading to
diffraction-type angular distributions which are strongly
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characteristic of the angular momentum transferred to the
nucleus.
In the second case it is desirable to work with the
Coulomb potential since, in addition to the preferential
excitation of collective states, it is better understood
than the nuclear interaction.

The information gathered

from these two types of experiments is often complementary;
the inelastic scattering yields accurate excitation energies
and spin and parity assignments may be made from inspection
of angular distributions, whereas the Coulomb excitation
is more suited to the determination of the electromagnetic
properties of these states such as the electric quadrupole
moments or the reduced transition rates.

2.2

Previous Work
The founding theoretical work on the collective

behaviour of nuclei, developed by Bohr (Bo52, Bo53), was
the basis for the early experimental work.

As the

theoretical work was extended by Alder et al. (A156, Bo58)
and Belyaev, who treated the pairing interaction using the
formalism of superconductivity (Be59), the vibrational
properties of nuclei became of increasing interest to
experimental physicists.

In 1959 Lane and Pendlebury

showed that many low energy particle scattering experiments
pointed to the existence of vibrations in a significant
number of nuclei ranging from

16

O to

20 8

Pb (La59).

They
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drew particular attention to the constancy of the excitation
energies of the first 3

states (typically 2.5 to 3.0 MeV)

contrasting this feature to the observed peaking of the
excitation energy of the first 2+ state near shell closure.
Several kinds of experiments that could yield further
information were suggested.

The regularity of the 3

states was also observed by Cohen and Price who, in 1961,
surveyed the scattering of deuterons from a variety of
nuclei ranging from vanadium to platinum (Co61).
the constancy of the first 3

Thus

states and hence their

octupole vibrational nature was established and since
the work of Lane and Pendlebury much attention has been
focussed on the octupole states.

For instance, in 1962,

Yoshida applied Belyaev's theory to the spectroscopic
study of the low energy vibrational states of spherical
nuclei with particular emphasis on the octupole states
and compared

the theoretical results to experimental

findings (Yo62).

However, it was not until the work of

Hansen and Nathan, in 1963, that a systematic experimental
study of the vibrational states of nuclei was carried out
(Ha63).

Hansen and Nathan observed the angular correlations

between back scattered a-particles and de-excitation y-rays
from the inelastic scattering of alpha-particles for about
30 even-even nuclei ranging from

^ P d to ^~^Sm.

observed 2+ and 4+ states as well as 3

They

octupole states

and discussed the energy systematics of these states in
terms of the shell model with residual interactions.
found that typically the B(E3) measurements (of the
reduced transition rates) were greater than the single

They
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particle estimates by factors ranging from about 15 to 100.
A.M. Bernstein summed up the knowledge of octupole states
and their electromagnetic transition rates in the years up
to 1969 as part of a detailed paper (Be69).

Bernstein's

paper has long served as a bench mark for work on isoscalar
transition rates in nuclei from the (a,a') reaction.
Since Bernstein's paper there has, of course, been
much research on the collective states of nuclei and to
review all of this work would be beyond the scope of this
thesis.

Most of the data gathered to date from inelastic

scattering has been with low or medium energy (15 to 50 MeV)
light projectiles.

One exception in this regard is the

work of J.M. Moss et al. (Mo78).

Moss used the inelastic

scattering of high energy (96, 115 MeV) rather than medium
energy alpha particles to observe the low-energy octupole
resonances in medium-mass nuclei (ranging from 40Ca to
2 08

Pb) .

Moss found some but not complete agreement with

information obtained at more usual bombarding energies.
In any case their approach should be a promising avenue
for future pursuit.
In the preceding paragraphs the large and varied
amount of work concerned with the collective properties
of nuclei has been outlined.

In particular, the large

range of nuclei exhibiting vibrational properties and
hence the importance of the vibrational model have been
highlighted.

Research at the Australian National University

has also focussed upon the collective properties of nuclei.
For instance, work has been done on the vibrational excitations
of the even-even isotopes of cadmium, mercury and lead with

25

particular emphasis on the single phonon states (Sp77, Ba81).
The work on investigating Cd, Hg and Pb at the Australian
National University arose in part from a simple extension
of experimental techniques developed to measure the
quadrupole moments of the 2+ first excited states of the
even-mass isotopes of these nuclei using the re-orientation
effect in Coulomb excitation.
The striking uniformity of the properties of the
first 3

state observed to occur over a range of isotopes

of each of these elements suggested that such investigation
be extended to other nuclei where knowledge of the properties
of the first 3

states was lacking or incomplete.

A survey

of the mass region A =110 to 150 indicated that for some
even-even elements (e.g. cadmium and tin; Sp77, Jo81) the
existence and properties of these 3

levels were well-

established whereas for others (e.g. barium and cerium)
they were not.

Taking into account practical matters

such as the availability of enriched isotopes and
suitability for target fabrication, it was decided to
investigate first the stable even-mass isotopes of barium.
Barium has five stable even mass isotopes.

Of these

12<“*Ba had no reported low lying 3 levels, and 122Ba and
134
Ba had only tentatively reported 3 levels. In addition
to the vibrational properties exhibited near the closed shell
of neutrons for 138 Ba (N =82), the lower mass barium
130
132
isotopes (
Ba,
Ba) had been observed to have prolate
deformations (Na73), implying that barium may be at the
extreme of the mass region where the simple vibrational
model is expected to be applicable.
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Although workers such as Hansen and Nathan (Ha63)
have measured B(E3) values for a range of nuclei in the
past, the difficulty of such determinations has meant
that they are not comprehensive and, in particular, there
appear to have been no published measurements for the evenmass barium isotopes.

Therefore, in the light of the

foregoing discussion, a good case existed for identifying
the octupole vibration in the even-mass barium isotopes
and measuring their properties, particularly looking for
the presence or absence of systematic trends.
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CHAPTER 3
EXPERIMENTAL PROCEDURE

3.1

Introduction
In order to investigate the properties of the octupole

vibrational states it was necessary first to identify the
energy levels having the appropriate characteristics.

As

has already been mentioned in chapter two, inelastic
scattering of light projectiles at bombarding energies
above the Coulomb barrier has been a particularly useful
technique in this regard.
In the five, stable, even-mass barium isotopes
vibrational features have been observed and in two cases,
136138

'

_

Ba, the 3

octupole vibrational states have been

well-established by various reactions; in particular by
the inelastic scattering of protons and alpha particles
(La74, Ba72) .

However, for 130,132,134^

3

levels

had not been identified so the first step was to locate
these states.

The method chosen was the inelastic scattering

of a-particles at back angles and at bombarding energies
about 50% above the Coulomb barrier.

The principal reason

for this choice was the success of similar work in this
laboratory on the even-mass isotopes of cadmium (Sp77)
and of mercury and lead (Ba81).

As projectiles,alpha

particles have the advantage over say deuteronsthat the
projectile is very stable so that there are fewer competing
reactions and they lead to a smaller radiation background.
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Analysis is also simplified by a spin-zero projectile.

The

choice of back angles for particle detection permits the use
of an annular detector with the accompanying large solid
angle and also leads to a smaller kinematic energy spread
due to the finite angle range.

Furthermore elastic scattering

peaks due to light target contaminants such as carbon occur
at lower energies in the scattered particle spectrum and
are less likely to obscure inelastic scattering peaks of
interest.

Despite the fact that the direct reaction

mechanism by which the inelastic scattering largely occurs
leads to strong forward peaking of the angular distribution,
experience has shown (Sp77,

Ba81) that the strong, selective

population of one phonon states also occurs at back angles.
Previous inelastic alpha-scattering studies of this
kind have commonly been carried out at bombarding energies
of 40 to 100 MeV.

Such energies are usually several times

the height of the Coulomb barrier and in measurement of
angular distributions this has the advantage that the
Coulomb interaction is not dominant and the angular
distributions show clearly the diffraction patterns.
In the present case a bombarding energy of 20 MeV was
chosen.

This is about 10% above the Coulomb barrier

height as calculated from the formula Z i Z 2e 2/R0 (a
with R 0 =1.2 fm.

i

+ A 21//^)

The energy of 20 MeV was chosen following

tests, at energies between 19 and 24 MeV, which revealed
that this was the best compromise between maximum crosssection for inelastic scattering and a clean spectrum.
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As will become apparent, the inelastic alpha-particle
scattering at backward angles was successful in identifying
the candidates for the octupole vibrational states where
little or no previous information existed.

However,

inelastic scattering at one angle does not permit assignment
of spin and parity.

Initially it had been intended to

measure angular distributions of inelastic alpha-particle
scattering to establish the J values. However, during the
4
course of the work the He beam became unavailable for
an an extended period due to failure of some crucial
equipment in the lithium exchange ion source used for this
work.

Thus it was decided to assume for the time

being that the levels in question all had J 11 = 3

and to

measure directly the B(E3;0+ -*■3 ) values using Coulomb
excitation with

12

C beams.

The angular distributions of

alpha-scattering were carried out later and confirmed the
above assumption (Bu85a).however the later angular
distribution measurements, although mentioned here, do
not form a part of the subject matter of this thesis.
The remainder of this chapter describes the details
of the experimental procedure used in the alpha-particle
scattering at back angles, some elastic scattering with
16

0 beams to define target thicknesses and the Coulomb

excitation work with

3.2

12

Production of the

C beams.

4
12
He and
C ion beams

The ^He, ^ C and ^ 0 beams were produced by the A.N.U.
14UD Pelletron accelerator,

(Op74), shown schematically in
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figure 3.1.

Its principle of operation is as follows.

The ions, to be accelerated, are produced by one of
two available sources, and are negatively charged as they
4
16
enter the accelerator. The He and
0 ions were produced
by a duoplasmatron source with lithium vapour exchange
(the "lithex source").

This source functions by producing

positively charged nuclei from a discharge, and drifting
them

through a lithium vapour.

Those nuclei that become

negatively charged by picking up electrons are accelerated
by a potential difference, of about 100 kV, towards the
inflection magnet, which directs the beam of ions into
the accelerator.
The
source.

12

C ions were produced by a surface ionization

In this source the beam material is sputtered, by

bombardment with 15 keV cesium ions, from the inside
surface of a cone rich in the beam material,in our case
carbon.

A thin external layer of cesium ions (several atoms

thick) aids in the recovery of a large proportion of negative
sputtered ions.

The negative ions finding their way through

an exit hole in the cone are accelerated by a potential
difference of about 100 kV to the inflection magnet and
'thence into the accelerator.
From the inflection magnet the ions are accelerated
towards the positively charged terminal of the accelerator.
Once inside the terminal they have two or more of their
electrons stripped from them on passing through a thin
carbon foil.

The positive ions emerging from the terminal

accelerate towards the analysing magnet and thence to
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the target chamber via the switching magnet.

The beam

energy is monitored and stabilized by the analysing magnet
and associated slits to better than 0.1% (ANU76).

3.3

4
He scattering experiment
4
16
Experiments involving He and
0 ions were performed
The

in a nickel plated, aluminium scattering chamber, of internal
diameter 51 cm (ANU75),a schematic diagram of which is shown
in figure 3.2.

The beam entering the chamber was defined by

a circular collimator (collimator 1) set in the annular
detector mount.
4.6 mm.

The collimator had an aperture of diameter

It was electrically insulated permitting the beam

focussing to be monitored by measuring the current on the
collimator.
At the centre of the chamber was the target holder,
which could hold four targets simultaneously, one above
the other.

The holder could be positioned vertically so

as to place any one of the targets in the beam;

it could

also be rotated about the vertical axis to vary the angle
between the plane of the target and the beam direction.
The targets used in this work are described in section 3.5.
Particles scattered through 175° were detected by an
annular surface barrier detector which is shown in figure
3.3.

The annular detector (supplied by Ortec Inc.) used

in this work had an active area of 300 mm2 and a sensitive
thickness of 290 microns at an operating bias of 135 volts.
4
Such a sensitive thickness was sufficient to stop He ions
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having an energy up to 24 MeV and

1

f)

0 ions up to about 200 MeV.

This detector was cooled, by contact with a copper cooling
coil, in order to reduce detector leakage current and hence
noise.

Other measures taken to reduce noise were to mount

permanent magnets in front of the detector in order to
decrease the number of secondary electrons, emitted from
the target, that reached the detector.

A lead absorber

was also mounted between collimator 1 and the back surface
of the detector, in order to reduce the flux of X-rays
(produced by the beam striking the collimator) that reached
the detector.
Collimators, placed in front of the annular detector,
defined the mean laboratory angle (ij; = 174.9°) and
effective solid angle (Afi = 19.6 msr) at which the particles
were detected.

This arrangement produced a kinematic
4
broadening of about 3 keV for 20 MeV He ions scattered
from barium.

Thus the annular detector afforded a large

solid angle for small kinematic broadening.
In the earlier experiments, as well as the annular
detector, a conventional surface barrier detector was
positioned at 110° to the target.

This detector was

included as an aid in the identification of spectrum
peaks and in particular to distinguish those peaks due
to elastic scattering from target contaminants other than
barium from those due to inelastic scattering from barium.
Unfortunately, due to the small solid angle subtended by
this detector compared with that of the annular detector,
the spectra obtained with this detector were in general
not suitable for this purpose.

Since the

16

0 scattering

Fiqure 3.3

Schematic cross-section of annular surface barrier
detector mounting (not to scale).
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experiments could also be used to aid in the identification
of the peaks in the spectra, the 110° detector was not used
in later experiments.
The pulses from the annular detector were fed through
an Ortec 142 preamplifier and a Tennelec 203BLR main
amplifier.

The signal from the amplifier (consisting of a

pulse of height proportional to the energy of the scattered
particle) was digitized and stored in a Hewlett Packard 2100
on-line computer.

The contents of the computer were

periodically dumped to magnetic tape by the experimenter.
The undeflected part of the beam was stopped by an
aluminium or tungsten beam dump, situated some distance
(about three metres) from the annular detector. The
4
aluminium beam dump was chosen so that any He ions
backscattered from the beam dump, to the detector, had a
4
smaller energy than those He ions inelastically scattered
from barium in the target.

In addition, the distance (>3m)

between the beam dump and the detector further ensured that
only very few ions backscattered from the beam dump arrived
at the detector.
Bombarding energies were chosen as a compromise
between the need to maximize the cross-section for the
excitation of the 3

state and the need to minimize pulse

pile-up and consequent degradation of spectrum quality.
In order to find the best energy for bombardment a range
of energies from 19 to 24 MeV were tested.

It was found

that as scattering energy decreased the cross-section for
excitation of the 3

states increased.

However, at the

lower bombarding energies, cross-sections for other
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reactions, such as elastic and inelastic scattering from
12

C in the target backing, also increased rapidly.

These

other reactions lead to increased pulse pile-up and degradation
of spectrum quality at these lower bombarding energies.
Eventually 20 MeV was chosen as a satisfactory compromise,
although measurements were also made at 22 MeV to aid
attribution of spectrum peaks.
In order to calculate the absolute cross-sections
4
for elastic and inelastic scattering of He ions from
barium, the target thicknesses were determined by the
16 5+
Rutherford scattering of
0^ ions at a bombarding energy
of 40 MeV.

The

16

0 experiments were also capable of

revealing any target impurities due to elements other
than barium.

Target impurities are discussed later in

this chapter.

3.4

The

12

C scattering experiment

Coulomb excitation probabilities can be measured by
observation of the spectrum of elastically and inelastically
scattered particles or by detection of the de-excitation
y-rays.

The former method was chosen here as it is, in

principle at least, simple and direct and is consistent
with techniques developed in this laboratory for
re-orientation effect measurements. The main difficulty
is that the probabilities for Coulomb excitation of 3
levels are small (< 5 xio-4) and in practise one has to
identify and measure the area of a small inelastic
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ttering peak on the low energy tail of a very much more
intense elastic scattering peak.

Success in such measure

ments depends critically on reducing as far as possible the
relative magnitude of this elastic peak tail.

Previous

measurements in this laboratory had shown that such tails
were due mainly to target imperfections and scattering from
the edges of beam defining apertures.

In some cases

detector resolution could be a significant factor as well.
In particular it was found (Ve82) that in an experiment in
which a 208Pb target was bombarded with 12C ions and the
scattered particles observed at 90° with an Enge split—pole
magnetic spectrometer and Coulomb excitation of the first
excited state of

C was measured,

the excitation probability

(the ratio of the inelastic scattering cross-section to the
sum of the inelastic and elastic scattering cross-section)
was of order 10-5.

In order to measure such a small

excitation probability it was necessary to run with no
beam defining aperture between the switching magnet
and the target.
It was decided to carry out Coulomb excitation
measurements on the barium isotopes in a similar manner;
the remainder of this section is concerned with the
equipment and techniques used for these measurements.
A schematic diagram of the target chamber used for
the

12

C scattering experiments is shown in figure 3.4.

The beam entering the chamber was focussed prior to accumu
lation of data with the aid of a collimator box containing
several adjustable collimator wheels. In order to optimize
the beam focussing a 3mm vertical x1mm horizontal, electrically
insulated collimator, fixed on a collimator wheel, was used to
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monitor the focussing and alignment of the beam.

During the

accumulation of data this collimator was removed from the beam
in order to reduce slit-edge scattering effects, which would tend
to increase the low energy tails on the spectrum peaks.

It was

found that the 14UD accelerator and magnetic focussing were
sufficiently stable, so that over the duration of a run (usually
several hours or more), the beam remained focussed and centred on
the target.
Mounted centrally in the chamber, was a target holder capable
of holding two targets.

This holder could be raised, lowered or

rotated about the vertical axis so as to place either of the
targets in the beam at the desired orientation.

In order to

reduce the contamination of the targets by hydro-carbons emitted
from the vacuum pumps, they were surrounded by a metal shroud
maintained at near liquid nitrogen temperatures.

An airlock

allowed the targets to be removed and replaced without affecting
the vacuum in the chamber.
In order that Coulomb excitation was essentially the only
process taking place, the energy of the bombarding ions had to
be sufficiently low that the range of nuclear interactions was
smaller than the distance of closest approach,
Smin = .
? -^2Z 122 (i + A i/A2) [1 + cosec
lab

where (FE79);

*] - 1.25 (.Ai'T tAz^) fm.

From previous experience (Sp77) it was known that a distance
of closest approach of the nuclear surfaces less than 4fm
would not fulfill this condition at the level of statistical
accuracy attained in the measurement of excitation probabilities
of the 3

states in this work;

a simple calculation showed

that this corresponded to an upper limit for the bombarding
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energy of the

12

Cprojectiles of 42 MeV„ A further constraint on

the choice of bombarding energy was that the Coulomb
excitation probabilities for the excited states fall
rapidly with decreasing bombarding energy.

The final

bombarding energy chosen, for the majority of the experi
ments, of 40 MeV was felt to be the best compromise
between these two constraints, although other energies
also used in this investigation were 38, 40 and 42 MeV.
The angle at which the scattered ions were detected
was also a matter for compromise.

At forward angles (< 90°)

the elastic scattering cross-section increases more rapidly
than the inelastic scattering cross-section, leading to
poorer spectrum quality for such angles.

The mounting of

the spectrometer and positioning of the collimator box
physically limited the positioning of the spectrometer to
angles

less

than 120°.

Thus, although it may have been

of interest to investigate those particles back scattered
near 180°, physical constraints prevented this and the
final positioning of the spectrometer was set at 90° to
the incident beam with the targets in the transmission
geometry.
2 08

Previous experience with Coulomb excitation of

Pb by 12 C ions, in which inelastic scattering was

observed at 90°, showed that such a geometry gave satisfactory
spectra (Ve82).
The spectrometer used in this work was an Enge splitpole magnetic spectrometer.

In our work it subtended a

solid angle of ~ 5 msr, with the spectrometer slits set
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to an aperture of 2.5° vertically and 6.0° horizontally.
Consequently, the particles entering the spectrometer
had a kinematic spread of 600 keV.

However, as discussed

below the features of the spectrometer and detector allow
for some compensation of this broadening.

The main feature

of the spectrometer is that it is able to bring particles of
the same magnetic rigidity (momentum over charge), and
different entrance angles, to a common focus over a range
of particle energies.

This type of spectrometer is

discussed in detail by Spencer and Enge (Sp67).

(The

characteristics of the particular spectrometer used in
this work have been investigated by workers at the Australian
National University (ANU77)).

A schematic diagram of the

spectrometer is presented in figure 3.5.
A position sensitive gas-filled proportional counter
was placed at the focal plane of the spectrometer.

It

consists of several parallel sets of electrodes and is
shown in figure 3.6.

The counter is designed so that the

energy, rate of energy loss, position along the detector
and incident angle of the incoming particle may be determined.
This information allowed the mass and charge of the incident
particle to be determined as well as to provide a spectrum
of scattered energies.

Mono-energetic particles originating

from the same point on the target are brought to a focus in
the nominal focal plane of the spectrometer.

However, in

practice particles originating from the same reaction, e.g.
elastic scattering from barium, have a range of energies
due to the kinematic broadening resulting from the finite

magnetic spectrometer
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range of scattering angles.

Thus the focal plane for the

majority of the particles may not be

the expected focal

plane (i.e. the focal plane of the median energy particle).
A slight movement of the detector away from the expected
focal plane may compensate, to a large extent, for kinematic
broadening.

Indeed, after adjusting the position of the

detector, the final resolution we observed, of 160 keV FWHM
was about 30% of the kinematic broadening.

A more detailed

description of kinematic compensation may be found in the
A.N.U. internal report (ANU78).

The gas pressure in the

detector (80 mm Hg) was chosen to give a particle range
great enough for an ample signal but not so great as to
exceed the extent of the cathode.
The detector electronics was such that two energy
signals were used:

one from the AEi electrode and one

from the cathode which gave a pulse essentially proportional
to the total energy E of the projectile.

The cathode (E)

signal was used to trigger the computer in preparation for
the following (16 ys delay) AE and position signals.

The

position of an incoming particle on either wire was derived
from the pulses arriving at the ends of the wires.

The

difference in the arrival times of the pulses at the ends
of a wire, was coded as a pulse whose height was proportional
to the position, using a time to amplitude converter (TAC).
A schematic diagram of the electronics is shown in figure
3.7.

After this processing the two position signals (Pi,P2 )

and two energy signals (E,AE)

were sent to a buffer memory

in the computer, from which they were periodically dumped
to tape and also used to update the spectra of Pi, P2, E
or AE stored in the computer.
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3.5

Targets
In the course of this work many targets, of varying

suitability, were made.

The suitabilities of the targets

were judged on the similarity of their properties to those
of a hypothetical ideal target having the following
characteristics:
(i)

The target should contain only the nuclide
134
of interest, i.e. a
Ba target should
contain only 134 Ba and no other nuclear
species.

(ii)

The target should have an appropriate
thickness, i.e. a thickness large enough
to provide a satisfactory rate of data
accumulation but not so large as to produce
undue energy spread in the scattered
particles due to energy losses in the
target.

(iii)

The target should be of uniform thickness,
as non-uniformity may cause energy spread
in the scattered particles and uncertainty
in the effective thickness for later
calculation of absolute cross-sections.

(iv)

The target should be durable, i.e. capable
4
of withstanding prolonged exposure to He,
12

C or

16

0 beam with little or no loss of

material from the target nor undue
alteration of its physical structure.
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In practice it was not possible to fulfil all these conditions
and some compromise was necessary.
The targets were all produced from isotopically
enriched material obtained from the Isotopic Sales Division,
Oak Ridge National Laboratory, U.S.A. and were supplied as
Ba(N0^)2 or BaCO^.

The degree of enrichment varied considerably

and the manufacturer's assays of the different target
130
materials are shown in table 3.1. In particular
Ba and
132
Ba had relatively low enrichment; this was due to their
130
132
low natural abundance. Enriched
Ba and
Ba material
was expensive, consequently only small amounts were
available.
Even though isotopic contaminants (i.e. isotopes of
barium other than the one of interest) are present in the
target material it was still desirable that contamination
by elements other than barium was avoided.

Ideally,

therefore, one would prefer to use self supporting targets
of barium metal, free of any other element.

For reasons

discussed later, such targets should have a thickness (or
more correctly,

areal density) in the range 10 to 40 ygcm"2.

Even if it were possible to produce self-supporting barium
metal targets of this thickness they would be extremely
fragile.

Furthermore, barium metal is quite reactive and

oxidises readily in contact with air.

Since thin self-

supporting barium metal targets were not a practical
proposition, the conventional procedure of evaporating,
under vacuum, a suitable chemical compound onto thin carbon
backings was adopted (Mu79).

The carbon backings were

typically 10-20 yg cm”2 thick, which provided adequate
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strength without undue contribution to the scattered particle
spectra at the energies of interest.

The barium compound to

be evaporated had to fulfil several requirements:
(i)

it had to be chemically stable to avoid
decomposition upon heating;

(ii)

it had to have a melting point low enough and
vapour pressure high enough to permit ready
evaporation during target fabrication but
neither so low or high, respectively, that
the target would melt or evaporate when under
bombardment with a particle beam;

(iii)

it should contain no other elements which would
contribute significantly to the spectra at the
scattered energies of interest.

This require

ment dictated the use of low mass elements so
that the reaction products (and especially
elastically scattered particles) had much
lower energies than those resulting from
scattering from barium.
Taking into account these considerations, neither of the
supplied forms of the material (BaCNO^^ or BaCO^) were
suitable; the nitrate decomposed too readily upon heating
and the carbonate, although more stable, required excessively
high temperatures for evaporation.

Barium oxide also requires

high temperatures for evaporation and targets of this kind
were initially tested.

However, they suffered from significant

and undesirable contamination from tungsten present during
the evaporation process.
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In principle BaF2 would satisfy the requirements
satisfactorily.

However the chemical process used to

produce it required the use of hydrogen fluoride which
caused difficulties due to its extreme reactivity.
Ultimately, BaCl2 was chosen as the target material.
BaCl2 was sufficiently stable, evaporated readily and
the targets produced had satisfactory durability under
bombardment.

Spectrum peaks from chlorine did not interfere
4
with those of interest from barium either for He scattering
at 175°

or for

12

C scattering at 90°.

In later preliminary
4
work, on measurement of angular distributions of He
scattering, elastic scattering from chlorine did interfere
with barium peaks at some forward angles.

For these purposes

the fluoride or oxide targets may be more suitable.
The thickness of the targets needed to be large enough
for satisfactory count rates without causing undue energy
loss in the scattered particles.

Such energy loss would

degrade the energy resolution of spectrum peaks.

Good
4
energy resolution was particularly important in the He
scattering work since here it was desirable, not only to

measure the areas of peaks but also to measure their
corresponding particle energies accurately and hence to
4
establish unambiguously their origins.
The He experiments
were performed in reflection geometry, as illustrated in
figure 3.2, and thus the scattered particles were subject
to relatively large energy spread due to losses incurred
in traversing the target.

In practise, targets for the

4

He

scattering experiments ranged in thickness from 10 to 30 ygcm'
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and in general the energy resolution was determined mainly
by the characteristics of the detector.
In the

12

C scattering work at 90°, the cross-sections

for Coulomb excitation of the excited states
of the 3

(and especially

state) were small, and achieving satisfactory

count rates was the over-riding consideration.

In the

12

C

experiments the targets were viewed in the so-called
transmission geometry

(see fig. 3.4) which is subject to

smaller energy losses in traversing the target than the
reflection geometry.
loss for 40 MeV

Thus, although the rate of energy
ions is greater than that of 20 MeV

4He ions, somewhat thicker targets

(typically 20-40 yg cm -2s)

were used.
The conflicting criteria influencing the optimum
target thickness and the need for as uniform a thickness
as possible, over an area greater than the beam diameter,
meant

that some effort was devoted to devising techniques

for producing targets of predictable thickness and quality.
In addition, the small available amounts of the rare (and
expensive)

Ba and

Ba isotopes were sufficient for

only one or two evaporation attempts and this was a strong
< incentive for devising reliable and efficient fabrication
techniques.

3.6

Fabrication and Quality of Targets
To produce B a C ^

steps were taken:

from BadSJO^^ or

the following
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(Step 1).

The Ba(NO^)2 was converted to BaCO^ by using

the reaction:
Ba (NC>3)2 + Na2C03 -> 2NaN03 + BaC03 .

(Step 2).

The BaC03 was converted to BaCl2 by using the

reaction:
BaC03 + 2HC1 -* BaCl2 + C02 + H20 .

Step 1 could be omitted for the production of 13 8BaCl2,
138
when the
Ba was supplied as the carbonate rather than
the nitrate.

The actual procedures adopted in the production

of BaCl2 from the nitrate are outlined below.
(i)

About 40 mg of the nitrate was dissolved in as
little deionized water as possible and treated
with excess aqueous Na2C03-

Since the

precipitate that forms is slightly soluble a
minimum of water is used wherever necessary.
(ii)

The precipitate (BaC03) was centrifuged and
washed in deionized water to remove traces
of Na2C03-

This step was repeated up to a

few times, but due to the slight solubility
of BaCC>3, only small amounts of cold water
were used (the water being cooled to reduce
solubility).
(iii)

Dilute HC1 acid was added to the washed
precipitate until there was no remaining
solid material.

The solution was placed
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under an infra-red lamp and allowed to
completely evaporate.

The remaining

fine white crystals were BaC^The whole process could be carried out with loss of less
than 5% of the original barium.
Once the B a C ^ had been prepared vacuum evaporation
was the next step.

Two methods of vacuum evaporation were

tested on barium chloride material of natural isotopic
enrichment.

The first method involved heating the target

material, held in a carbon crucible, by introducing the
crucible into the coils of an r.f. heater.

The rate of

evaporation was difficult to control since the temperature
of the material was monitored only by eye and consequently
target quality varied a great deal.

The second method of

resistive heating, proved superior.

In this case a small

carbon crucible and cap, containing the target material,
was placed in a tantalum boat through which a current
could be passed (fig. 3.8).

In this way with a current

of about 120 amperes, the crucible could be heated to white
heat.
Resistive heating proved the more suitable of these
methods, as it was possible to reproduce successful
evaporations by recording the currents used and the periods
of application.

In addition, estimates of the target

thickness could be obtained (to within 50%) by weighing
the material deposited on a thin metal foil placed in a
typical target foil position during the evaporation.
Considerable control of target thickness could be achieved
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by varying either the distance from the crucible to target
foil, or the amount of material placed in the crucible.
An alternate method of measuring target thicknesses is
discussed in detail in chapter 4 and the thicknesses of
the targets used in this work is shown in table 3.2.

A

typical evaporation sequence would follow these steps:
(i)

The crucible and cap were heated to white
heat for a few minutes in order to drive
off impurities.

(ii)

The crucible containing the target material,
with the cap in place, was heated to a dull
red glow, for a few minutes, in order to
release thermal tensions in the target
material.

If this step was neglected, then

"spitting" of the target material could occur
during evaporation, with a possible loss of a
large proportion of the material.
of this

The origin

thermal tension is not understood,

but it may be associated with temperature
dependent changes in the crystalline structure
of BaC^*
(iii)

With the target foils positioned in the
evaporation chamber, and the cap removed
from the crucible, the crucible, and hence
target material, was heated slowly up to a
sufficient temperature so that all the target
material would eventually evaporate.
crucible was then cooled slowly.

The

If the

heating and or cooling were carried out too
quickly then many targets would rupture,
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TABLE 3.2
Target thicknesses determined from 40 MeV
160 5+ bombardment of barium targets

Target

Thickness

(yg. cm 2)

130

20 ± 1

132

25 ± 2

134

19 ± 1

135

31 ± 2

136

9.3 ±0.3

137

61 ± 4

138

5.3 ±0.2
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presumably due to different expansion and
contraction rates between the target frames
and target foils.

The heating and cooling

of the crucible typically took about twenty
minutes.
X n order to reduce the deterioration of the targets under
bombardment, some of the earlier targets had a thin coating
of carbon <~ 1 PC c n T ’) evaporated onto their front surface.
However, comparison of these targets with later targets not
having this "carbon flash" showed no major differences m
durability under bombardment.

So as not to waste any of

the enriched material, the chemical preparation and vacuum
evaporation of the target material was practised with
natural barium material until good quality targets could
be produced with reliability.
Great care was taken at all steps in the fabrication
process to avoid introduction of contaminants.

This was

necessary since quite small amounts of contaminants in the
mass range 50 to 140 amu would give rise to elastic scattering
peaks comparable in size with, and at the same energy as,
peaks due to inelastic scattering from barium.

To this

end, only high purity chemicals were used; the carbon backing
foils, crucible and cap were made from "spectroscopically
pure- carbon; the evaporation equipment was carefully cleaned
and the tantalum boats and carbon crucibles were pre-heated
n ,.
■.V.
\
in order to drive off any
(prior to loading with BaCl2) m
volatile contaminants.
Despite these measures some contamination did occur;
contaminants of mas.

than chiofina that «.r. cla.fl,
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observed in all spectra were ~^K, ^ C a and ^^Ta.

However,

none of the peaks due to elastic scattering from these
impurities fell in the regions of interest in the spectra.
Additional peaks were observed in some spectra corresponding
in energy to elastic
^

^Zn.

4

He scattering from

48

Ti,

63

Cu and

These peaks, however, were of negligible size

compared to the inelastic peaks of interest and could
therefore be safely ignored.
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CHAPTER 4
THE

4.1

4He

AND

160

EXPERIMENTS

Introduction
As already discussed the major aim of the ^He work

was to identify levels which could be attributed to collective
excitation of the even-even barium isotopes by measurement of
their excitation energies and cross-sections for excitation
4
by inelastic He scattering. This chapter describes the
methods and procedures adopted to reduce the raw data into
energy level diagrams and cross-section determinations.

Of

primary importance were the even mass isotopes of barium,
however some of the isotopically enriched target material
contained significant amounts of the odd mass 137 Ba and
135 Ba isotopes so these were also investigated.
In order to determine the cross-sections of the
excited states, determinations of the target thickness
were necessary and these were made by elastic

4.2

16

0 scattering.

Data Reduction

Figures 4.1 to 4.7 show the spectra that were most
4
important in the analysis of the inelastic He scattering
from ^ ^ B a to ^^Ba.

The principal peaks are labelled and

scattered alpha particle energies indicated.

Typical

accumulation time for a spectrum was about ten hours yielding
roughly 10^ counts in the elastic peak.

The energy resolution

300 0

Channel

61

Fig. 4.1

The He +
^Ba spectrum.
Only the major peaks are labelled
and the elastic peaks are shown
to different scale.
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O

O

o

o

s}unoo '
Fig. 4.2

4
132
The He +
Ba spectrum.
Only the major peaks have been
labelled and the elastic peaks
are shown to different scale.
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Figure 4.3

4

134

The He +
Ba spectrum.
Only the major peaks have been
labelled and the elastic peak
is shown to different scale.
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Figure 4.4

4
135
The He +
Ba spectrum.
Only the major peaks have been
labelled and the elastic peak
is shown to different scale.
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Figure 4.5

The ^He +
spectrum.
Only the major peaks have been
labelled and the elastic peak
is shown to different scale.

Channel

20 MeV,175

66

S}uno3
Figure 4.6

4
137
The He +
Ba spectrum.
The major peaks are indicated,
however, no previous spin and
parity assignment was found.
The elastic peak is shown to
different scale.
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Figure 4.7

The ^He + ^"^Ba spectrum.
Only the major peaks are labelled
and the elastic peak is shown to
different scale.
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was about 50 keV full width at half maximum (FWHM) and was
due chiefly to the limitations of the detector and to a
much smaller extent to the kinematic broadening.

The

resolution of the detector was measured by the manufacturer,
ORTEC Inc., to be 20 keV FWHM for 5.5 MeV a-particles.

The

resolution and spectrum quality were sufficient for the
purposes of the experiment.
The spectra were presented in the usual form of
histograms of the number of particles scattered at particular
scattering energies.

The first step in the analysis of these

spectra was to determine the number of counts (or "area") in
each peak of interest and its position relative to the other
peaks.

For single isolated peaks this was done with a

computer program (titled PKADD).

In this program the back

ground upon which the peak sits was fitted by a straight line
in order to estimate the contribution the background makes to
the area of the peak.

The spectra that could be analysed

solely with the use of PKADD were ^ ^ B a to ^ ^ B a ;

both

130 Ba and 132 Ba contained peaks which were not sufficiently
resolved for the use of PKADD.

In those cases where PKADD

could be used the peaks were analysed as follows:

Summation

limits were set on both sides of the peak of interest in order
to define the extent of the peak;

in addition to the peak

region two other regions, one on either side of the peak,
were also specified and these were taken as being representative
of the background (see figure 4.8).

A linear interpolation

was made between the two specified background regions in
order to estimate the background under the summation region
and by subtracting this background from the total number of
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counts in the summation region the area of the peak could
be determined.

Great care was taken to ensure that the

summation region was consistent from peak to peak, including
the same proportion of the total peak in each case.

This

was effected by keeping the summation limits a constant
number of channels to either side of the centroid.

The

uncertainty in the area of the peak was calculated from
the uncertainty in the background region and the statistical
uncertainty in the sum of counts within the summation region.
The position of the peak was obtained by taking the
mean of the channel numbers weighted by the number of counts
at each channel number.

However, since the peaks were not

symmetric but skewed (having a low energy tail) a better
estimate of the position of the peaks was not the mean but
the mode or centroid of the peaks.

As shown in figure 4.9

a more accurate approximation to the centroid of the peak
could be obtained if much narrower summation limits were
taken for the position determination.

The uncertainty in

the position of the peak was estimated by comparison of the
calculated centroid with the centroid estimated from a plot
of the summation region.

Comparison of the centroids, or

areas, obtained with differing summation, or background
regions, usually indicated a scatter smaller than the
estimated uncertainties.

This was also true of the positions

and areas of peaks as calculated by different users.
An example of a spectrum whose peak positions and
areas have been calculated is given in figure 4.10 and table
4.1.

In those spectra where several peaks were not

(V

- Q --\±y

Ü)
O
CL

---------- centroid

---------- mean

The effect of skewness on the determination of the position of a peak.
The
labelled arrows indicate the mean positions as calculated from data within
the different intervals.
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FIG. 4.9
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Channel
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o
o
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s}unoo
Figure 4.10

ml_ 4tt
132^
The He +
Ba spectrum with
peaks consecutively numbered
(see tables 4.1 and 4.4).

TABLE 4.1
The positions and areas of the peaks
shown in figure 4.10

Peak No.

Position
(Channel No.)

Area
(Counts)

1

2274.5 ± 0.3

20250 ± 400

2

2264.6 ± 0.2

34700 ± 400

3

2215.7 ± 0.4

11940 ± 110

4

2204.1 ± 0.4

1410 ±

40

5

2185.6 ± 0.5

650 ±

30

6

2155.9 ± 0.5

900 ±

30

7

2143.0 ± 0.7

960 ±

30

8

2123.1 ± 0.5

1310 ±

40

9

2074

480 ±

20

± 1

10

2059.2 ± 0.7

1160 ±

30

11

2045.7 ± 0.4

3790 ±

60

12

2030.4 ± 0.5

1090 ±

30

13

2005

910 ±

30

14

1970.2 ± 0.4

2230 ±

50

15

1778.8 ± 0.5

4570 ±

70

16

1761

2370 ±

50

17

1730.6 ± 0.1

136400 ± 370

18

1694.2 ± 0.1

247000 ± 500

± 1

± 1
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sufficiently resolved, or there was a large non-linear
background (such as caused by the presence of significantly
large amounts of the isotopes of barium other than the one
of interest), a peak fitting program (called TXFIT) was used.
130
132
For both the
Ba and
Ba spectra the elastic barium peaks
were not completely resolved (see figure 4.11) and these peaks
were analysed using the TXFIT program.

However, the other

peaks in these spectra (those due to inelastic scattering)
were sufficiently resolved that they could be analysed with
the PKADD routine.

The philosophy of the TXFIT program was

to fit the spectrum peaks with an analytic line shape consisting
of a skew gaussian with several exponential low energy tails.
The fit could be optimized by successive variation of the fit
parameters so as to reduce the chi-square value of the fit.
The users role was to provide the initial approximate fit to
the spectrum peaks, or peak, of interest by manual adjustment
of the fitting parameters, and then to specify the parameters
to be varied by the program in order to obtain an improved fit.
A more detailed account of this procedure follows in section
5.2.

With experience consistent fits could be obtained largely

independent of the manner or order in which these parameters
were used.

For the ^ ^ B a and ^ ^ B a spectra the principle

reason for using the TXFIT program was the presence of large
contributions to the elastic peaks from the isotopes of barium
other than 130 Ba or 132 Ba. Thus in these cases it was
necessary to establish the sizes, positions and shapes of
the impurity peaks in order to subtract their contributions
from the elastic peak of interest.

The energies of the

impurity peaks could be calculated with a relativistically
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correct kinematics program, and their positions determined
from the energy calibration of the spectrum of interest.
The sizes of the impurity peaks were assumed to be proportional
to the percentage abundance of the respective impurities, and
this was taken from isotopic assays provided with the target
material.

The shapes of all the peaks were taken to be the

same, and thus the shapes of the impurity peaks could be
estimated by examining those regions of the elastic peaks
relatively free from impurities.

Thus the high and low

energy regions of the peaks (regions a and b in figure 4.11)
were assumed to define the shape of the impurity peaks.

The

final result of using the TXFIT routine on the elastic peaks
(taking the impurities into consideration) was an area and
position for the elastic peak being investigated (Fig. 4.12,
table 4.2).

The uncertainties in these quantities were

calculated in the same way as for the PKADD routine.
Thus, the final result of analysis by either the
PKADD or TXFIT routines were spectra in which all the peaks
of interest had known areas, positions and uncertainties in
these (e.g. fig. 4.10, Table 4.1).
spectra

Further analysis of the

took the form of two essentially independent steps;
(i)

and (ii)

the energy calibration of the spectra
the determination of the absolute cross-sections
for the excitation of the inelastic peaks of
greatest interest.

However, before either of these steps were attempted, the
thickness of the targets used in these experiments was
calculated from the Rutherford scattering of

16

0 ions.

CHANNEL

NUMBER
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S lN H C n
Figure 4.12

The impurity contributions ^
to the elastic peaks in the He
+ 130,132ga spectra.

TABLE 4.2
The Positions and Areas of the elastic peaks
shown in figure 4.12 arising from the scattering
of 4He from 13 2Ba.

Barium

Position

Area

Isotope

(Channel N o .)

(Counts)

138

2274.9 ± 0.3

20250 ± 400

137

2273.2 ± 0.3

3800 ± 400

136

2271.6 ± 0.3

3900 ± 400

135

2270.0 ± 0.3

5000 ± 400

134

2268.2 ± 0.3

4500 ± 400

132

2264.5 ± 0.2

34700 ± 400

130

2260.9 ± 0.2

100 ± 400
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4.3

The

16

0 experiments

In order to determine absolute cross-section,
necessary to establish the thickness
the targets concerned.

it is

(or areal density)

of

A convenient method of measuring

the thickness was to bombard the targets in such a way that
the elastic scattering cross-section was known beforehand.
By measuring the yield

(i.e. the number of particles

scattered through a particular angle into a known solid
angle)

of such a reaction the thickness of the target may

be readily determined.

In order to achieve such a situation,

the targets were bombarded with 40 MeV

16 5 +
0
ions,

since at

this energy the ions will undergo essentially only Rutherford
scattering.

The choice of bombarding ions was due simply to

the ease with which either ion source together with the
accelerator could produce

16

0 ions at energies sufficiently

low for Rutherford scattering.
The cross-section for Rutherford scattering is given
by the well known formula

do
d^_

= 1.296
lab

z 1z2

E

J

(Ma68):

[esc4 (ip/2) -2

M i/ M 2 ) 2 t O C M i / M z ) 4 + ...]
4.1

where

do

dQ lab

is the laboratory cross-section

(in mb/sr)

for

the scattering of particles of mass Mi and atomic number zj
with incident laboratory energy E
of mass M 2 and atomic no.

(MeV) by a target of atoms

z 2 at laboratory angle \p.

This

cross-section may also be related to thickness of the target
and intensities of both the scattered and transmitted beams
in the usual way and when rearranged to yield the thickness,
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t, of the target appears as below:

- 1

I " NqA ' fdöl
|_QN oAÜJ [dßj

. . . 4.2
lab

Q is the integrated charge of the beam, during the run,
after passing through the target.

N is the number of ions

scattered into solid angle Aß at angle

ip,

q is the average

charge state of the individual ions after passing through
the target, A is the atomic mass of the target nuclei and
N 0 is Avogadro's number.
The scattering angle, ip, and solid angle,

Aß, were

calculated from the geometry of the scattering chamber,
detector and collimators
same for the

16

0 and

4

(see figure 3.2).

They were the

He experiment and were calculated

to be, ip =174.9° and Aß =

(1.97 ±0.10) x 10

-

2

The

charge of the projectile ions, q, after they passed through
the target, was calculated from the measured ratio of beam
currents obtained with and without a target in place to
allow for electron stripping in the target.

The ratio of

beam currents was determined by measuring the charge
accumulated in the Faraday cup over a given interval of
time in both cases,

i.e. with and without a target in

place under conditions where the beam intensity was
essentially constant in time.

An ammeter directly reading

the current from the Faraday cup was also used to
check this ratio.
projectiles

Multiplying the charge of the incident

(5+ ) by this ratio gave the average charge of

projectiles transmitted through the target.

On average,

just over two electrons were stripped from the

16

0 ions
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as they passed through the target leaving them in a final
charge state of (7.2 ±0.2) + .

The total charge incident on

the target, Q, was measured with a Faraday cup and beam
current integrator.
The number of incident ions scattered into the
detector,

N, was found in the same way as already discussed

by using the PKADD routine.

However, in order to remove the

contributions due to isotopes of barium other than the one
of interest the peak areas were adjusted according to the
fraction of the isotope of interest that was present in
the target using the manufacturer's assay.
shows
16

typical 16 0 spectra.

Figure 4.13

As already discussed the

0 spectra were used not only to calculate the thicknesses

of the targets (table 3.2) but also to search for the
presence of contamination by elements other than barium
(section 3.6).

4.4

Energy Calibration of the

4

He spectra

The presence of chlorine isotopes in the target
material (since the targets are made of BaC^) gave rise
to twin chlorine peaks (due to 35Cl and 37 Cl) in the 4He
spectra (see figures 4.1 to 4.7).

These peaks proved to

be advantageous in the calibration of the spectra, since
the energy of particles scattered elastically from the
chlorine and barium isotopes could be determined with precision
from a relativistically correct kinematics program.
Calibration of the spectra, involved correlating the observed

1800

1900
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*•

CHANNEL

2600

2700

2800

1700

.

fM

»—

SlNflOD
Figure 4.13

Typical "*~^0 spectra used
in determining target thickness,
the arrows indicate the summation
region.
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positions of the peaks with their calculated scattering
energies by a linear least squares fit in which the
positions of the peaks were weighted by the reciprocal
of their uncertainty in position,squared.

This procedure

was adequate in all cases examined, however some minor
corrections were considered.
The energy of ions scattered from the targets will
be smaller than that predicted by the kinematics program
because of energy losses arising in traversing the target
material.

Such energy losses depend not only on the

composition and thickness of the target material but also
on the energy and species of the projectile ions.

Ions

scattered from chlorine have a smaller energy than those
scattered from barium and will consequently lose a different
amount of energy in traversing through the target.

In order

to calculate the energy lost by an ion as it passed through
a target it was necessary to know the "stopping power" of
the chlorine, barium and carbon that made up the target.
The tables of Northcliffe and Schilling (No70) provided
the required information and those values relevant to our
case are tabulated in table 4.3.
Several assumptions were made in the calculation
of the loss of energy of the scattered ions as they traversed
the target.
on

The incident ions had an energy of 20 MeV and

average traversed half the thickness of the target

before being scattered by either barium or chlorine.

Thus

the scattered ions will have energies of typically 17.8 or
12.6 MeV respectively and will once again traverse half
the thickness of the target.

From table 3.2 it may be

seen that typically the target thickness for barium is

TABLE 4.3
Electronic stopping powers of
barium and chlorine for helium ions

Energy of *

(No. 70)

Electronic Stopping Power **

4He

[keV/(yg cm-2)]

[MeV]
Barium

Chlorine

20.0

0.132

0.219

17.8

0.142

0.238

12.9

0.174

0.301

The three energies shown correspond to the energies
of the incident ions, the ions scattered off barium,
and the ions scattered off chlorine.

The energy lost in traversing a 10 yg/cm2 target for
ions scattered from barium is 2.5 keV and from chlorine
is 2.8 keV.

The difference between these two losses is

an order of magnitude less than the uncertainties in the
energy calibrations.
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about 20 yg cm-2 and since we have BaCl2 the thickness of
chlorine must be about

7 yg cm-2.

Taking all the above

into consideration it was found that in total ions that
were scattered only once off barium lost on average about
4.9 keV whereas ions scattered in a similar fashion from
chlorine lost about 5.3 keV.

Thus there is a difference

of about 0.4 keV between the actual separation of the
chlorine and barium peaks and the separation obtained from
the kinematics program.

In view of the final accuracy that

was obtained with our fitting procedure of about 3 keV, the
considerations of energy loss to the scattered projectiles
in traversing the target were neglected.
The presence of significant amounts of isotopic
impurities in the elastic peaks could also affect the
energy calibration by influencing the measured position
of the peaks. As discussed in the previous section the
130 Ba and 132 Ba had large amounts of impurities due to
the other isotopes of barium and these were dealt with
as part of the TXFIT fitting routine.

The other barium

targets had smaller impurity contributions and in these
cases it was more convenient to use the PKADD program to
yield positions and areas which were corrected afterwards
for the effects of impurities.

The area was corrected by

multiplying it by the fraction of the isotope of interest
present.

From the kinematics program the expected scattering

energies for all the impurity isotopes of barium were known,
and hence the approximate positions of these impurities
could be calculated from an approximate energy calibration
performed on the two chlorine and uncorrected barium elastic
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peaks.

Thus with both the position and relative amounts

of the impurity contributions (from the manufacturer's
assay) specified,the effects of the isotopic impurities
could be subtracted out.

Care was taken to subtract out

only those impurities whose positions fell within the
original summation limits used to find the area and position
of the elastic peak of interest.

In general subsequent

improvements in the positioning of the impurity peaks due
to improved energy calibrations were negligible.

The position

of the elastic peak in the 135 Ba spectrum for instance
(Fig. 4.4) was initially determined to be

channel

2273.5 ±0.2, and after subtracting the effects of the
Ba,

Ba,

Ba and

Ba impurities (taken together,

responsible for 6.5% of the counts in this case) was
calculated as 2273.3 ±0.2.

Such a change corresponds to

a 2 keV shift in energy which is comparable with the
uncertainties in the energy calibration.

In general these

corrections were not negligible, although small, and were
included wherever appropriate.
After the above corrections were carried out, the
positions of the chlorine elastic and barium elastic peaks
were well established allowing a final "best" linear energy
calibration to be carried out.

From the energy calibration

and the measured positions of peaks of interest scattering
energies could be assigned to these peaks.

The measured

scattering energies were compared to the calculated scattering
energies for those excited states of well known energy - such
as the commonly observed first excited states of spin and
parity 2+ in the even mass nuclei.

In general the agreement
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between the measured and anticipated scattering energies
were consistent with experimental uncertainties.

The

uncertainties in the energy calibration and determination
of scattering energy arose from the uncertainties involved
in measuring the position of the peak of interest;

these

being ultimately due to the uncertainties in positioning
the detector, the solid angle subtended by the detector,
energy losses for the ions traversing the targets and, most
importantly, the finite resolution of the detector.
Ultimately it was possible to measure the scattering energies
of excited states to within ±3 to ±10 keV depending on the
width and intensity of the peak of interest.
Following the determination of the scattering energies
corresponding to the positions of the peaks, it was of interest
to identify as many of the peaks as possible.

Peaks could be

attributed to essentially one,or a combination, of several
causes;

i.e. peaks could be due to:
i)

ii)
iii)

elastic or inelastic scattering from impurity
elements other than barium,
inelastic scattering from barium isotopes
other than the one of interest,
scattering from the barium isotope
of interest.

In order to isolate those peaks due to impurity
elements other than barium, it was possible to calculate,
from relativistic kinematics (Ma68), the required mass of
a possible impurity for any particular scattering energy.
In those cases where the calculated impurity mass
corresponded to a common stable element a further search
16
4
0 spectra as well as the other He spectra was
of the
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executed.

This procedure yielded no evidence for significant

contamination by any elements other than 39K and ^°Ca in the
mass region between chlorine and barium.
35

Cl,

37

Cl,

39

K and

40

Contamination by

Ca was acceptable, since elastic

scattering from these impurities did not produce peaks at
scattering energies similar to peaks from inelastic scattering
off barium.
The remaining peaks, i.e. those not yet identified
as due to an impurity other than an isotope of barium, were
presumed to be the peaks due to scattering from the isotopes
of barium.

In order to identify without ambiguity the

isotopes of barium responsible for particular peaks, the
first targets to be examined were those of high enrichment
in which there was little or no need for speculation
concerning the identity of the responsible barium isotope.
From the highly enriched targets, it was possible to establish
peaks of scattering energy characteristic of the 138 Ba, 137 Ba,
^~^Ba and ^ ^ B a isotopes.

Examination of the less enriched

targets of

Ba revealed many peaks that had

Ba,

B,

similar scattering energy and excitation probabilities to
the peaks previously attributed to excitations in the

138

Ba,

^^Ba, “'■'^Ba or ^ ^ B a isotopes, and were also attributed to
these isotopes rather than to the isotope of interest.

In

those cases where the scattering energy of a peak indicates
it may be due to an impurity isotope of barium, but where the
excitation probability is much greater than would therefore be
expected, the peak is considered to be two unresolved peaks,
one due to the isotope of interest and the other to the
impurity isotope.

The excitation probability of the peak
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of interest is then simply the difference between the observed
total excitation probability and the previously determined
excitation probability of the impurity isotope.

The

corrected position of the peak of interest can also be found
by assuming that the measured position of the unresolved
peaks is the mean of the component peaks weighted by their
excitation probabilities.

These methods yielded results

that were remarkably consistent between estimated and
predicted impurity peak sizes and positions.

Table 4.4 shows
132

the identification of all peaks that are not due to
the spectrum obtained with the

132

Ba enriched target

Ba in

(fig. 4.10)

Figures 4.14 to 4.20 show the energy level diagrams arising
from this work;

included in the diagrams are tentative spin

and parity assignments,
from previous work,

based on comparison with the results

and also cross-sections which were

calculated as a part of this work.

4.5

Calculation of Cross-sections
If equation 4.2 is written so as to yield the cross-

section in terms of the parameters previously discussed in
the section devoted to measurement of the target thickness,
then ;

f[ddo^'

NqA
lab

...

QN oAßt

In the previous instance,
referring to bombardment by ^ 0

however,

(4.3)

the equation was

ions of known scattering

cross-section whereas in this case it refers to the bombard4
ment of barium targets by
He ions in order to determine the
scattering cross-section.

Thus,

in this case, q =3.208 x 1 0 - 1 9 C
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TABLE 4.4
The identification of peaks shown in
figure 4.10 not due to scattering from 132Ba

Peak No.

Contributing

E

Isotope

(keV)

J7T

X

1

1 3 8Ba

4

1 34Ba

605

2+

5

1 3 6Ba

818

2+

7

1 34Ba

1168

2+

8

1 38Ba

1452

2+

9

1 38Ba

1899

4+

12

1 34Ba

2253

3“

14

138 Ba

2881

3_

15

4 °Ca

elastic

16

3 9K

elastic

i
—1
u

18

CO

17

elastic

elastic

3 5C1

elastic
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Excitation energies and cross-sections
of levels in 130Ba determined from 4He
ion bombardment. Spins and parities
are based on comparison with previous
work except for the 3 state which is
tentatively identified from comparison
with the other barium nuclei.
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The thickness of the target, t, has been calculated
from the data gathered with

16 5+
0
ions, however, the value

so obtained took no account of possible deterioration of
the target during its prior bombardment
duration) with
to the

4 2+
He
at 20 MeV.

In order to check for damage

targets during data accumulation a record of the number

of counts N in the elastic peaks and
in the

(often of many hours

the charge, Q, accumulated

Faraday cup were periodically measured.

of thetarget is proprotional to N/Q

The thickness

(from equation 4.2) thus,

by monitoring the change in this ratio, if any, during
accumulation of data any possible deterioration of the targets
could be observed.

In the

138

Ba experiment, for instance,

there was clearly a change in the thickness of the target
as the experiment progressed and this is reflected in the
AN/AQ ratios measured periodically during data accumulation;
table 4.5.
In order to account for any possible deterioration of
16
the target, the thickness of the target, as measured by
O
4
bombardment subsequent to data accumulation with He ions,
was normalized by the ratio of the mean to the final value
AN/AQ, since the target thickness was measured following the
^He run.

From tables 3.2 and 4.5 the "corrected" thickness

of the

Ba target can be calculated, therefore since:
AN
AQ mean

2.505 ±0.014 and

AN
AQ final
target thickness

2.427 ± 0.035

(from

16

0 runs) = 4.6 ±0.4 yg cm 2 the

corrected thickness, t = (4.6 ±0.4)
i.e. t = 4.7 ±0.4 yg cm

-

2

-2
(2.505 ± 0.014)
yg cm
(2.427 ± 0.035)
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TABLE 4.5
138
Deterioration of the
Ba target.
Showing
the ratio of the increment in the area of the
elastic peak to the increment in accumulated
charge measured at regular intervals.

Measurement
Number

AN/AQ
(counts/microcoulomb)
2.586 ± 0.072

1
2
3

2.543 ±0.027

4

2.537 ± 0.044

5

2.580 ±0.035

6

2.493 ± 0.022

7

2.427 ± 0.035
average

= 2.505 ±0.035

. Average thickness of target _ 2.505 ±0.014
Final thickness of target ~~ 2.427 ±0.035

1.032 ±0.014
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In the above example absolute target thicknesses
and their errors are given for greater clarity of exposition.
However, it should be noted that, in the 4He and 16 0 runs on
a given target, the detector solid angle and beam charge
measuring arrangements were not altered.

Thus any systematic

uncertainties in measurement of solid angle or in calibration
of the beam current integrator are common to both and
therefore do not affect the accuracy of determination of
absolute scattering cross-sections.
None of the other targets showed significant
deterioration under bombardment; for example, table 4.6
of the N/Q values for the 134 Ba experiment shows clearly
no overall change in target thickness.

138

Ba showed

measurable deterioration as calculated above possibly
because it was the thinnest of the targets, being at
most half as thick as any other target.
As already discussed, intensities or areas of peaks
were found with the aid of either the PKADD or TXFIT routines.
However, these took no account of the "deadtime"
electronics.

of the

In order to correct for deadtime the following

relationship yielding the deadtime in microseconds of the
analog to digital converter was used (ref. Cain).
Deadtime = 10 E N. + 0.01 EN.X.
l

where

l i

... (4.4)

ZN^ represents the total number of counts in the

whole spectrum and ZN^X^ is the sum of the channel number
X^ weighted by the number of counts

in that channel.

There were some problems associated in trying to evaluate
this correction - primarily because of the existence of
an unknown number of overflows in some channels (channels
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TABLE 4.6
134
Deterioration of the
Ba target. Showing the
ratio of the increment in the area of the elastic
peak to the increment in accumulated charge
measured at regular intervals.

Measurement
Number -

AN/AQ
(counts/microcoulomb)

1

2.66 ±0.03

2

2.70 ±0.05

3

2.67 ±0.05

4

2.66 ±0.05
average = 2.67 ±0.02

Average thickness of target _ 2.67 ±0.02
Final thickness of target
~~ 2.66 ±0.05
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in which the number of counts exceeded the integer storage
capacity of the computer, 65535).

In these cases an expanded

plot of the overflow region was examined and multiples of
65535 added to the overflow channels until a smooth peak
with a shape consistent with normal peaks was obtained.
This procedure is illustrated in figure 4.21.

By using

PKADD and combining this with the results obtained from
finding and positioning the overflows both IlSh and EISLX^
could be estimated.

The deadtime was typically about

1.5 ±0.5% when expressed as a fraction of the total run time
for each spectrum.
As mentioned before, the limits of summation used
in the PKADD routine were often ones of convenience and
did not bracket the entire peak under investigation. However,
since care was taken to ensure that the summation limits
were applied consistently from peak to peak the areas so
obtained could be used to calculate the areas of all the
peaks in terms of the elastic or reference peak, i.e. the
excitation probability could be calculated.

In order to

calculate the absolute scattering cross-section the total
area of the elastic peaks were calculated by reapplying
PKADD with summation limits set so as to include as much
as possible of the elastic peak, especially the low energy
tail, and as little as possible of any other contributions.
Thus with the elastic peak area normalized so that contribution
from impurities due to the isotopes of barium other than the
one of interest were excluded the calculation of the crosssection of the elastic peak was obtained from equation 4.3.
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A typical peak overflow calculation.
Integral
numbers of overflows were used to correct the
overflow region until the peak shape corresponded
to the expected profile.
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These are shown in figure 4.22.

They range from 1.62 to

1.93 mb/sr and show no marked or systematic variations.
In those cases where the inelastic peak of interest could
be attributed to only the barium isotope of interest the
scattering cross-section could be calculated by multiplying
the cross-section of the elastic peak by the excitation
probability of the peak of interest.
3

For the first 2+ and

states this was always the case. However, for some of

the other peaks it was not possible to attribute them
unambiguously to only one isotope of barium.

Thus, as

has already been discussed, it was often necessary to take
account of the contributions from peaks due to impurity
isotopes of barium.
Finally the scattering cross-sections of the peaks
were calculated by multiplying their excitation probabilities
(ratio of inelastic peak area to elastic peak area) by the
scattering cross-section of the elastic peak.

These values

are shown in figures 4.14 to 4.20 and the systematic
variation with atomic number for some of the larger peaks
are shown in figure 4.22.
A discussion of the observed energy level schemes
and spin and parity assignments follows in chapter 6.

Scattering Cross-section

[m ^/sr]
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Atomic No.
Figure 4.22

Variation of the scattering
cross-section of the 0-^+ , 2 ^

and 3^

states with increasing mass for barium.
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CHAPTER 5
MEASUREMENT OF B ( E 3 )

5.1

TRANSITION

PROBABILITIES

Introduction
As has already been discussed

(section 2.2) the

stable barium nuclei are in a transitional region between
nearly spherical nuclei

(such as the vibrational

13 8
“Ba^..
56
82

with a closed shell of neutrons at N=82) and nuclei which
display rotational features

(such as

13 0

c , B a „ .).

It is

consequently of some interest to compare the properties
of the collective 2+ and 3
isotopes of barium.

states of the even-mass

In the previous chapters the measurement

of the excitation energies and cross-sections for alpha-scattering
of these states hasbeen described;
measurement of the B(E3)
is discussed.
determined
experiments

similarly in this chapter the

reduced transition probabilities

Although some B(E2) values were also

by co-workers
(Bu85b)

from the data obtained in these
the determination of B(E2) reduced

transition probabilities is not a part of the subject matter
of this thesis.

The systematics of the B(E3) values and

excitation energies as well as comparisons with previously
published values are discussed in chapter six.
Despite the large number of transitions in
132,134,136,138ßa for

^he B(E2) values have been

determined there are no published measurements of the B(E3)
values in these nuclei.

Basic details of the experimental

procedure used for the measurement of B(E3) values in these
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The scattered 12 C

experiments are covered in chapter 3.

ions were magnetically analysed by an Enge split-pole
magnetic spectrograph and detected in a position-sensitive
gas proportional counter situated along the focal plane.
This arrangement together with the associated electronic
apparatus yielded five signals per event, the total energy
signal, the two position signals and the two AE signals.
These signals could be used to establish the nature of the
recorded events, i.e. the mass and charge of the scattered
ions.

By making use of this feature the quality of the

spectra

could be improved by selecting only those events

that were due to ions of the particular mass and charge
state of interest. This procedure was called "sorting" the
spectra and is more fully discussed below.
Analysis of the sorted spectra was carried out with
the TXFIT program, yielding areas and excitation
probabilities of the peaks of interest.

The reduced

transition probabilities were evaluated by using the
Winther-de Boer computer code (Wi66).

In this code

excitation probabilities are calculated from given values
of matrix elements for transitions.

The values of one or

more of these matrix elements are then adjusted until the
calculated excitation probability matches the measured value.

5.2

Sorting the Data
The purpose of the sorting procedure was to reduce

contributions to the spectra from ions other than the ones
of interest.

The sorting code allowed the user to examine
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the correlations between any two of the five incoming
signals simply by constructing a plot of the number of
events against the magnitudes
parameters.

of each of the chosen

Some of these two dimensional plots are shown

in figures 5.1 to 5.3.

By defining regions of interest

in the two-dimensional plots, those events pertinent to
the experiment could be selected for further analysis.
Figure 5.1 shows a 2 dimensional plot of the position
signals, P 2 as a function of P^;

it illustrates the

expected correlation between the two signals.

In our

experiments, however, only the P^ signal was used and
this plot gives little relevant information.

A more

informative 2 dimensional plot is shown in figure 5.2
where total energy (E) is plotted against position (P^) •
These two dimensional plots reveal essentially three
different types of events.

The bulk of the events fall

into two regions attributable to the 6+ and 5+ charge states
of the

12

C ions passing through the target after scattering

(regions a and b).

The third region was attributable to

alpha particles (region c).
Analysis of this third region revealed that these
events were typically of energy about 6 MeV which was
consistent with them being due to

4

He from the

lzC ( , ^He)2^Ne reactions from 40 MeV,12C^+ , ions
colliding with the carbon backing of the targets.

In any

case those events that fell into region c were of position
and energy sufficiently different from the ions of interest
that their contributions were for the most part insignificant.

108

3 20 0

240 0

Z

o
CO

o

CL
160 0

800

POSITION
800

Fig. 5.1.

The
the
12
C
(P^

1600

1
2400

3200

two dimensional plot obtained by sorting
data obtained from the scattering of 40 MeV
13 8
ions off
Ba for the two position signals
and P2).

109

8 00 _

o
Figure 5.2

soo

Position

2400

The two dimensional plot obtained by
sorting the data obtained from the,
scattering of 40 MeV -*-^C ions off
°Ba
for the Energy and Position signals
(E and P-^) .

32 00

110

800

Fig. 5.3.

The two dimensional plot obtained by
sorting the data obtained from the
12
scattering of 40 MeV
C ions off
13 8

Ba for the two energy signals

(E and AEi) .

Ill

The alternative 2 dimensional plots of AE^ vs AE2 ,
AE^ vs Pj do not reveal features
not already observed in the E vs

plots - consequently

the E vs P^ plots were taken as the ones with which the
sorting would be done.

In order to analyse only those

events of interest, boxes were drawn around the groups
of interest as shown in figure 5.3;

a total of three

boxes could be drawn at any time.
When the spectra were re-sorted in one dimensional
sorts (i.e. events were analysed only for position or
energy say), those events not falling within one of the
three regions were discarded.

The remainder were

stored in one of three corresponding buffers and at the
completion of the sort were transferred to magnetic tape
for future reference.
In order to determine how important the shape of
the sorting regions (boxes) were, a group of events
(presumably all due to the same species of ion) had three
boxes drawn around parts of it, one around the low energy
tail, one around the high energy tail and one around the
bulk of the group (figure 5.4).

This procedure revealed

that the high and low energy tails only accounted for
0.05% and 0.4% of the total events respectively.
excitation probability of the 2+

The

state as calculated

from events in the low energy tail was in good agreement
with the value obtained from the bulk of the events.
The agreement for the high energy tail was not as good,
typically being smaller than the bulk value by about 20%;
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however due to the relatively small number of events in
the high energy tail,neglecting to include this region
in the final analysis had no significant effect on the
measured excitation probabilities.

Thus the final shape

of the sorting region used in analysis did not include
the high energy tail and is shown in figure 5.2.

Once

the final shape of the boxes had been determined from
examination of a representative spectrum the remaining
spectra were sorted with similarly shaped sorting regions,
and in all cases both the 6+ and 5+ charge states had
boxes drawn around them.

Following the two-dimensional

and one-dimensional sorts the data were examined as
position spectra.
In figure 5.5 we see the difference between sorted
and unsorted spectra;

clearly the sorting procedure

reduces the background contribution.

Further comparisons

of sorted and unsorted spectra established that the
adopted sorting procedures had no significant effect
upon the absolute intensities or shape of the spectrum
peaks of interest.

5.3

Calculation of Excitation Probabilities
In the previous chapter we saw that in the

Ba (4He, 4He')Ba spectra most peaks were completely resolved
and the underlying background due to the low energy tails
of higher energy peaks were small and nearly horizontal.
Thus to obtain peak areas it was sufficient to subtract
background contributions to a peak by fitting a straight
line to the background on either side of the peak.

In
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only a few cases of incompletely resolved peaks was it
necessary to use a peak shape fitting routine to unfold
the individual contributions. This is in contrast with
the case of the 12 C Coulomb excitation experiments where
due to the relatively small excitation probabilities the
inelastic peaks are often of comparable size to the back
ground.

Thus the use of the shape fitting routine (TXFIT)

was necessary in order to extract as accurately as possible
the contributions due to the background.
Figures 5.6 to 5.11 show the position spectra for
the

12

+

C scattering experiments, after sorting, of the 6

charge state.

Wherever possible the 6+ and 5+ charge

states of the scattered 12 C ions were sorted and analysed
in the same manner and although the forthcoming discussion
is relevant to both charge states henceforth only the 6+
charge state will be referred to.

In any case the 6+

charge state was more abundantly populated than the 5+
charge state and consequently for the majority of the 5+
charge state spectra only the first inelastic state of the
barium nuclei was of observable intensity.
The basic principles of the TXFIT routine have already
been mentioned briefly in the previous chapter, and will be
expanded upon here.

In principle TXFIT allows the shape

of spectrum peaks to be specified by certain parameters.
The peaks are assumed to be skewed Gaussian with upper
and lower exponential tails.

The skewness of the Gaussian

can be varied by specifying the upper and lower Gaussian
widths (figure 5.12).

There is also provision for one

high energy (or upper) exponential tail and four lower
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tails;

short, medium, long and extra long range

exponential tails (figure 5.12).

In practice, however,

the extra long range tail was not seen to improve the
fit to the peaks and was not used.
Each of the tails had three associated parameters,
a matching parameter, a height parameter, and a slope
parameter.

The height parameter specified where on the

peak the tail commenced, the slope parameter adjusted
the half length of the exponential tail and the matching
parameter adjusted the gradient at the initial position
of the tail.

These parameters were sufficient to obtain

a fit very close to the original data.
Once one peak of a spectrum had been fitted the
TXFIT routine allowed the remaining peaks of that spectrum
to be fitted, under the assumption that all peaks of the
one spectrum had the same shape, by specifying the positions
and relative intensities of the secondary peaks.
Fitting the first or reference peak was often the
most difficult part of the procedure.

The elastic peaks

were the largest peaks and so were used as the reference
peaks; where these peaks were due almost entirely to one
isotope of barium there was little difficulty, however,
in the cases of ^ ^ B a and particularly ^~^Ba with barium
impurity content as great as the isotope of interest
considerable difficulty was experienced.

Determining the Peak Shape Parameters
For peaks with low impurity levels the fitting
procedure was relatively straightforward.

In such cases,
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initially a crude fit was made to the specified reference
peak assuming only a skewed Gaussian profile, involving
only those parameters specifying upper and lower widths,
position and intensity of the peak.

The peak fits were

further improved by including the short and medium tails;
this was done by initially estimating the values of the
parameters for these tails and subsequently allowing the
TXFIT routine to improve these parameters by least squares
fit over specified regions of the spectra.

The contributions

to the reference peak from impurities due to barium isotopes,
other than the one of interest, could be subtracted under
the assumption that all the isotopes of barium had the
same elastic scattering Rutherford cross-section.

Thus

the relative intensities of the impurity peaks were simply
equal to their relative abundances as quoted in the
manufacturer's assay.

Furthermore the positions of the

impurity peaks could be calculated from the kinematics
and it was assumed that their shapes were identical to the
shape of the reference peak.

Thus the contribution to the

reference peak from the barium impurities could be readily
determined and subtracted, resulting in a stripped peak
that corresponded more nearly to the peak due to elastic
scattering from only the isotope of interest than the
original reference peak.

In all cases the stripped peak

had slightly narrower width, smaller area and slightly
different position than the unstripped reference peak,
necessitating an improvement to the original fit.

With

the improved peak fit the impurity estimate could be
corrected and subtraction of this improved impurity
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contribution from the orignal reference peak yielded a
new estimate of the peak shape due only to elastic
scattering from the isotope of interest.

This cycle of

impurity stripping, peak fitting, impurity stripping was
repeated until further improvements to the fit were
negligible.

Once the final stripped reference peak

was obtained the parameters for the long range tail were
estimated and then optimized by the TXFIT routine by least
squares over the specified regions of the spectrum.

A

linear background contribution or extra long range tail
were not found to improve the fit and consequently these
facilities were not included.

Finally, once the peak fit

had been estimated in its entirety, improvements to it
could sometimes be made by slight variations in the various
regions used to estimate the contributions from the different
tails in the fit.
In the case of 130 Ba and 132 Ba targets the contribution
to the elastic peak from 13 8Ba was as large as or larger than
the contribution from the isotope of interest.

The large

overlap between the ^ ^ B a peak and the ^ ^ B a or ^~^Ba peak
resulted in a double elastic peak and consequently a great
deal of care was necessary with the determination of the
peak fit parameters.

In order to obtain a good initial

fit to the data the lower width of the peaks were determined
by fitting a Gaussian to only the lower energy side of the
^~^Ba or ^ ^ B a peak, and the upper width by fitting a Gaussian
to the high energy side of the 138 Ba peak (see fig. 4.11).
This procedure ensures that the parameters are
fitted to regions of the elastic peaks that are essentially
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free from the contributions of any isotope other than
^~^Ba and ‘*"'^Ba or ^^Ba.

Once a preliminary fit had

been obtained to the two principle elastic peaks it was
used to estimate the sizes and positions of the impurity
peaks in much the same way as before.

Thus a spectrum

stripped of the barium impurities could be obtained and
used to improve the impurity estimate, and in turn the
fit to the elastic peaks.

Once again, this procedure

could be repeated until there was negligible further
improvement in the fit to the elastic peaks.

The final

fit, in particular to the impurity peaks, could be checked
by comparison with the concentrations of the impurities as
specified by the manufacturer's assay. For both 132 Ba and
^~^Ba there was satisfactory agreement; for the ^ ^ B a
spectra the ratio of the areas of the 138 Ba to the 132Ba
peak as deduced from the fit was 0.57 ±0.01 comparing
well with the value determined from the manufacturer's
130
assay of 0.583. In the case of the
Ba spectra the
138
130
ratio of areas of the
Ba and
Ba peaks was 1.07 ±0.03
as deduced from the fit and 1.051 as determined from the
manufacturer's assay.

Even though the agreement for this

ratio was good in both cases, the ^ ^ B a fit was clearly
132
not as good as the
Ba fit and in some regions of the
spectrum gave negative intensities for the stripped spectrum.
There are two possible reasons for this.

In the first case

the discrepancies could have been due to mass fractionation
during evaporation of the target material, changing the
composition of the target material from that of the
manufacturer's assay.

This effect, however, should be
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small.

A more serious difficulty may have occurred due

to the problems associated with obtaining a sufficiently
precise energy calibration for the ^ ^ B a spectrum. Since
the position, at the detector, of an ion that has been
magnetically analysed is proportional to the momentum
of the ion, the detected position of such an ion is not
linear in energy.

This non-linearity was small over

the small range of energies in a position spectrum.

However,

even a small displacement (< 1 channel) of the calculated
impurity peak from the true position of the peak it is to
represent can lead to a noticeable effect in the stripped
spectrum if the impurity peak in question is large.
practise their effect

in

was largely cosmetic and did not

effect excitation probabilities significantly, except for
^"^Ba which had to be discarded owing to these difficulties.
Once the shape of the reference peak had been
determined, and corrected for impurity contributions,
the remaining peaks were included in the fit to the
spectrum, by guessing the sizes and positions of these
peaks and allowing the fitting routine to improve the
fit by adjusting these parameters according to least
squares.

It was recognised that different peaks in an

Enge spectrum would not have the same shape since the
position spectrum is not linear in scattered particle
energy.

However over the small range of particle energies

involved in a given spectrum the differences though
detectable were small and any error in assuming peaks
to be of the same shape were quite insignificant compared
with statistical uncertainties.

Figures 5.6 to 5.11 show

the final fits for all the isotopes of barium.

All the
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fits are satisfactory with the possible exception of the
^ ^ B a spectra. The problems in the ^ ^ B a spectra arose
from the peak due to the unresolved states at excitations
of 0.481 and 0.588 MeV, since the contributions of either
state were difficult to estimate.
In order to calculate the excitation probabilities
of any observed peaks in a way that was not heavily
dependent on the accuracy of the fits to the peaks of
interest, the following method was adopted.

A manual

summation of the data was performed over the peak and
the background counts as established from the fit subtracted.
Figure 5.13 illustrates this procedure.

The background

contribution to the peak of interest was obtained by
setting the intensity of this peak to zero in the fit,
effectively retaining only the background contribution
from the remaining peaks in the region of interest.

A

listing, channel by channel, of the data and the fit,yields
after manual summation, the sum of the data and the sum due
to the background contribution, in the summation region;
the difference of these two summations is the area of the
peak.
The uncertainty in the area of the peak was obtained
from the statistical uncertainty in the number of counts in
the summation region and the uncertainty in the background
contribution.

The background uncertainty was calculated

by changing the background fit enough to produce a just
detectable worsening of the fit to the
side of the peak.

data on either

The subsequent change in the background

The 12C + 126Ba spectrum showing the modified fit used
in the estimation of the background contribution under
the 2 ,+ peak.

1600

Figure 5.13

15 00

Channel Number

1400

1 30 0

1 2 00

1700

Elastic

129

130

was taken to be the uncertainty in the background
contribution.
The final excitation probability was calculated
from the areas of the peaks in the same
inelastic scattering of

4

He ions.

way as for the

Table 5.1 presents the

excitation energies and probabilities of the investigated
peaks.

5.4

Calculating Reduced Transition Strengths
As well as excitation energies, spins and parities

of excited states, other properties of the barium nuclei
that have been measured in the past include some reduced
electromagnetic transition rates between excited states
and the spectroscopic quadrupole moments, Q 2+ , of the first
excited states

(Hi74, Se81, Pe79, Pe82).

The reduced

electromagnetic transition strengths between the ground and
first excited states, B (E2 ;0+->2^+) , are all enhanced,
increasing with decreasing atomic number from 10 W.u. for
138 Ba to 70 W.u. for130 Ba. However, the reduced transition
strengths between the ground state and the first 3

state,

B(E3;0+-31 ), had not been investigated before this present
work, excepting one unpublished result for
(e,e') work (Le72 reported in Pe92).

13 8

Ba from

Measurements of

the quadrupole moments favour negative values

(Hi74,

Pe79, Pe82) with a trend from larger magnitues for the
138
lighter isotopes to a value of -0.07 ±0.15eb for
Ba,
i.e. a spherical shape, although some positive values
have been reported (Se81, Be 72) .
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TABLE 5.1
Table of excitation probabilities and energies determined
£
_
12
132,134,136,138
.
from the
C +
Ba scattering experiments
with Ec = 40 MeV and 9 =90°.

Barium
Isotope

T
I
Ex
, J-..TT
(MeV)

132

0.000,0i+

1.039,2 2+

(4.6 ±0.1) x 10~"3

1.985,3 i“

(5.1 ± 0.4) x1 0 -4

1

0.605,2 !+

(5.10 ± 0.04) x 1 0 " 2

1.16 8,2 2+

(9.2 ±0.6) x 10“ 4

1.391,4!+

(6.6 ±0.5) x 10“ 4

2.065,2 3+

(3.3 ± 0.4) x10” 4

2.250,3!“

(3.3 ±0.4) x 10~4
1

0.819,2i+

(2.52 ±0.03) x l O " 2

1.536,2 2+

(4.1 ±0.7) x 10“ 4

2.130,23+

(4.8 ±0.4) x 10“ 4

2.54 6,3 !”

(2.3 ±0.3) x 10“ 4

+
o
o
o
o
o

138

(7.50 ±0.04) x 10"”2

+
o
o
o
o
o

136

1

0.465,2i+

o
o
o
o
o
+

134

Excitation
Probability

1

1.436,2 i+

(6.19 ±0.07) x 10” 3

2.225,2 2+

(2.6 ±0.2) x 10“ 4

2.89, 3"

(1.1 ±0.1) x 10“ 4
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This section presents the determination of the B(E3)
reduced electromagnetic transition strengths from the
observed excitation probabilities of the 3-^

states.

Extraction of the B(E3) values was performed with the
de Boer-Winther computer code.

In this code the excitation

probability of a given state could be calculated from
electromagnetic matrix elements between that state and
others, particularly the ground state.

Matrix elements

involving states other than the ground state were obtained
either from other measurements or were estimated from
systematic trends in neighbouring nuclei.

The value of

the matrix element between the state in question and the
ground state was then varied until the calculated excitation
probability agreed with the experimentally determined
excitation probability.

The computer code had facilities

for the inclusion of the effects due to virtual
excitation of the giant dipole resonance (GDR), the
quadrupole moments of the excited states and multiple
excitations.

As well as the possible corrections included

in the code some others were investigated, these included
quantal corrections, electron screening corrections and
vacuum polarization corrections.

Corrections to the de Boer-Winther Code:
- Interference from higher states - In reorientation
experiments the interference from higher states, due to
multiple excitations, is often significant.

In the

de Boer-Winther code provision is made for taking into
account the multiple excitations possible, by specifying
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the strength of the transition rates between the initial,
intermediate and final states.

In our case these transition

rates were often obtained from previous work, but in some
instances no previously published value could be found.
In those cases a value consistent with similar or nearby
states of the same spin and parity would be tried.

The

results would often show that the final value was not
greatly dependent on the value of the intermediate state
transition rates.

The multiple excitations that were

considered for the different isotopes are discussed in
more depth below as are some of the transition rates
between intermediate and final states.

Provision is

also made in the computer code for the inclusion of the
effects of the electric quadrupole moment of the excited
state in question.

For the 3

states this was assumed to

be zero, although the effect of this parameter was
investigated by varying it within reasonable bounds.
The Giant Dipole Resonance - Work at the A.N.U. with
pAO

Pb (Ve84) indicated that for the B(E3) values the
effect of the GDR should be negligible in comparison
with experimental uncertainties and if this is the case
it should also be the case here where the experimental
uncertainties are a good deal larger.
- Quantal Corrections - These correct for the use of the
semi-classical approximations in the de Boer-Winther code.
Unfortunately, there is no relevant information on these
corrections for E3 transitions;

however, calculations

were made for typical B(E2) values from the tables of
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Alder et al.

(A172) and were found to be negligible in

comparison with other uncertainties.

It was assumed that

this is also true for E3 transitions.
- Corrections to the Rutherford Orbit - A number of
processes can give rise to small deviations from the
classical Rutherford orbit.

These effects can be modelled

by a small change in the bombarding energy (6E) whose main
effect is to alter the distance of closest approach.
a) Electron Screening
The electrons surrounding the target nucleus screen
the electrostatic potential of the nucleus, thus decreasing
the distance of closest approach.

Saladin et al. have

calculated the effective increase in bombarding energy
(Sa69);
6E = + Zx (32.65 Z27/5 - 40 Z22/5) (1 + A 1/A2)eV .
In our case this was about +77 keV.
b) Vaccum polarization
The vacuum polarization results in the increase
of the electrostatic interaction between two charges;
this can be taken into account by a small correction
to the bombarding energy given by (A175);

6E = - 1.55E sin (0/2) In

In our case this came to -85 keV.

(llsin( s Z^ t ] k e V ‘
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5.5

The B(E3) Calculations
Figures 5.14 to 5.17 show the adopted energy level

schemes used in the de Boer-Winther code in order to
deduce the reduced transition strengths;

these were

the levels that were most strongly populated in the
4
He experiments. For the 3 levels the quadrupole
moment was taken to be zero, however the effect of a
non-zero quadrupole moment, Q^_ = ± 0.5 eb, was investi
gated.

Such a quadrupole moment affected the B(E3) by

about 5% which is about half of the experimental
uncertainty.

The El transitions between the 3^

level

and the lower lying 2 + and 4+ levels were accounted for
-4
by setting these transition strengths to 10
W.u., a
value typical of nuclei in the neighbouring mass regions
(En81).
3^

In any case the excitation probability of the

state was found to be nearly independent of these

El transitions.

For instance, for 136 Ba, removing all

these El transitions or increasing any one of them by a
factor of ten changed the calculated excitation probability
of the 3-^

state by about 1%.

In a similar manner a number of B(E2) values could
be determined, however these are not part of the subject
matter of this thesis and have been published independently
(Bu85b).
The uncertainties in the final deduced B(E3;0-^+ +3-^ )
values are primarily due to experimental uncertainties in
the measured excitation probabilities (discussed in
132
134
chapter 4). However in the cases of
Ba and
Ba,
for which the excitation energy (Ex) of the 3

state

136

Fig. 5.14.

132
The
Ba level scheme showing
the main transitions used for
calculation of B(E3) or B(E2)
values.

137

2253
2065

E2/kl1
HO 1
A~

1160

E2/M1
.4-

605

KeV

F i g . 5.15.

134B a
134

n

The
Ba level scheme showing
the m a i n transitions used for
c a l c u l a t i o n of B(E3) or B(E2)
values.

138

2 5 32

F i g . 5.16.

Ba level scheme showing
the m ain t ransitions used for
c a l c u l a t i o n of B(E3) or B(E2)
values.
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288 1

,+

2218

E2/M1

1 43 6

E3

E2

E2

0

0

138
KeV

Fig.

J

5.17.

13 8
The
Ba level scheme
showing the main transitions
used for calculation of B(E3)
or B (E2) v a l u e s .
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had not been reliably reported, the uncertainty of Ex
4

as determined from the He work was taken into account.
134
132
For
Ba, Ex = 2252 ±3 keV, and for
Ba, Ex =2090 ±5 keV,
these uncertainties contributed negligible uncertainty to
the B(E3) values (±0.002 e 2b 2).

The uncertainty in

bombarding energy (0.1%) and scattering angle (0.1°)
contributed uncertainties of 1% to the B(E3) values.
Throughout this analysis the assumption was made
that the effects of nuclear interactions were small
compared to experimental uncertainties.

At a bombarding

energy of 40 MeV the distance of closest approach between
the nuclear surfaces can be calculated to be 6.2 fm
(sect. 3.4 page 40) and previous experience with similar
distances of closest approach indicate that the above
assumption should be safe at this bombarding energy (Sp77).
However in order to double check this assumption the
excitation probability of the 2^

+

state for the

13 6

Ba

nucleus was also measured at bombarding energies of 38
and 42 MeV (closest approach = 7.0 and 4.0 fm). There is
good agreement between the transition strengths obtained
at these differing energies, confirming the absence of
significant Coulomb-nuclear interference.
Table 6.2 lists the B(E3;0^+ -*3-^+ ) values for the
investigated barium isotopes as deduced from this work.
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CHAPTER 6
DISCUSSION AND CONCLUSION

The

He experiments
The scattering of 20 MeV a-particles at 174.9° from

the even-even mass stable barium isotopes has been
investigated;

the deduced energy level diagrams are

presented in figure 6.1 and table 6.1.

The spin and parity

assignments for many of the states are tentative and based
on comparison of the spectra with previous energy level
determinations.

In particular the octupole states were

identified by comparison with the magnitudes and energies
of the well established 3

states in the ^^Ba, ^ ^ B a nuclei,

having excitation energies of 2880.5 keV and 2531.7 keV
respectively (Hi72, Me69).

In the present work these states

had excitation energies of 2881 ±5 keV and 2532 ±5 keV in
good agreement with the previously published values.

For

the remaining isotopes, ^^Ba, ^ ^ B a and ^^Ba, the excitation
energies of the 3
and 2253 ± 5 keV.

states were found to be 1948 ±5, 2070 ±5
The 3

spin and parity assignments were

confirmed in later work (Bu85a) for all the barium isotopes
considered as part of this work excepting ^ ^Ba which was
subject to experimental difficulties.
For theoretical reasons one expects the octupole
strength to be split in strongly deformed nuclei (Bo75, p.577).
However, there is no evidence arising from this work for
sharing of octupole strength between two or more levels.
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TABLE 6.1
Summary of the observed excitation energies and scattering
4
cross-sections deduced from 20 MeV He scattering off
130,132,134,136,138Ba at 1?5

Isotope

130

132

134

Ex
(keV)
2083
1948
1477
903
355
000
2376
2070
1942
1496
1034
462
000

J77

do/dtt

Isotope

E
(keV)

J77

136

3034
2773
2653
2527
2124
2046
1863
1546
816
000

(1,2)
3“
(1,2)
4+
4+
(2+ )
2+
0+

0.006
0.003
0.003
0.117
0.018
0.045
0.010
0.005
0.28
1.80

2879
2780
2630
2304
2214
2085
1897
1434
000

3"
4+
2+
(4+ )
2+
6+
4+
2+
0+

0.147
0.004
0.003
0.012
0.025
0.007
0.02
0.105
1.81

(mb/sr)

(3")
(4+ )
2+
0+
(3")
0+
2+
2+
0+

(2+ )
3061
2824 (1,2+)
2727
1,2+
2563
2492
0+
2257
(3-)
2149
(0+ )
2088 (1,2+)
1972
4+
1642
3+
4+
1392
1171
2+
2+
606

0.029
0.14
0.003
0.11
0.81
1.79
0.016
0.15
0.044
0.002
0.041
0.63
1.85
0.005
0.023
0.005
0.005
0.005
0.127
0.005
0.005
0.017
0.005
0.041
0.037
0.42

138

da/d^
(mb/sr)
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The observed decrease of excitation energy of the 3

states

with reduced neutron number N (fig. 6.1) is, however, in
contrast with the remarkably uniform behaviour of the
Cd, Hg, Pb and Sn nuclei (Sp77,

Ba81, Jo81).

Barium is commonly thought of as being in a region
between nearly spherical nuclei and strongly deformed nuclei
and, therefore, the decrease of excitation energy with reduced
N is evidence of the limited applicability of the harmonic
vibrational model.
In addition to measurement of excitation energies
the scattering cross-sections of the major states were also
determined and are shown in
constant for the 3^

table 6.1.

These are fairly

states and decrease strongly for the

2-^+ states with increasing N.

This behaviour is not

uncommon for nuclei showing vibrational features.

,

The

12

C experiments:
Coulomb excitation by 40 MeV

12

C ions has been used

to measure the reduced transition probabilities, B(E3), for
the low lying 3

states in 132,1 34,136,138ßa^

These values

are 0.176 ±0.022, 0.148 ±0.018, 0.155 ±0.018 and 0.133 ±0.013
e 2b 3 for 132,134,136,138^ respectively corresponding to 24
to 17 W.u. and are plotted in figure 6.2 and table 6.2.

The

large enhancements are indicative of the collective nature
of these states, however, the B(E3) values show a tendency
to decrease as the neutron number approaches
shell at N =82.

the closed

Once again this trend is in contrast to

the behaviour of the lead and tin nuclei where the B(E3)
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0.19

_

0.17

_

0.16

_

0 .15

_

0.13

_

0.12

_

Atomic No.
Figure 6.2

The variation of the reduced electro
magnetic transition strengths with
increasing mass for the barium isotopes.
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TABLE 6.2
Summary of B(E3) values
for the even mass barium isotopes.

Barium
Isotope

+
B (E3 ;0 i
(e2b 3)

•+

3i )
(w.u.)

132

0.176 ±0.022

24.0 ±2.0

134

0.148 ±0.018

20.4 ±2.0

136

0.155 ± 0.018

20.1 ±2.3

138

0.133 ± 0.013

16.8 ±1.6

147
strengths are essentially independent of neutron number N
(Ba81, Jo81).
There is a paucity of published theoretical calculations
of the B(E3)

strengths for the barium isotopes other than a

shell model calculation by Waroquier and Heyde
yielding for
transition,

13 8

(Wa71)
+

Ba a value of 1.1 W.u. for the B(E3;0

3

—

reflecting the inadequacy of shell models when

applied to vibrational nuclei.

Other work on the barium

isotopes concerned with B(E2) values
neither shell model

(Pu85b)

finds that

(Wa71) nor interacting boson model

(Pu80) calculations are able to predict satisfactorily
the electromagnetic transition strengths for the barium
nuclei.
In conclusion, it is clear that the observed variations
in excitation energy and electromagnetic transition strengths
for the 3-^

levels in the barium nuclei reflect

a trend

towards decreasing octupole softness as neutron shell closure
is approached at N =82.

Thus both the Coulomb excitation and

alpha scattering work indicate that although the barium
nuclei exhibit many vibrational properties they are not
ideal vibrators and barium may be near the limit of
applicability of the harmonic vibrational model in this
mass region.

It would be interesting to extend this

experimental work to neighbouring mass regions and in
particular to the cerium isotopes which have had little
investigation into their vibrational nature.
a need to

remedy

There is also

the lack of theoretical work on the

B(E3) transition strengths in this mass region and in
particular a comparison of theoretical models with magnitude
and variations of the B(E3) values established as a result
of this work.
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