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STAFF HOVEJYlENTS AND VISITORS
Professor E. W. Titterton and Dr. P. B. Treacy attended
the International Conference on Nuclear Structure held in Tokyo
in September.

Professor Titterton was away for approximately three

weeks and spent ten days visiting nuclear physics laboratories
throughout Japan.

Dr. G.M. Crawley attended the Gordon Conference on Nuclear
Structure held in August in New Hampshire, U.S.A.

He was away for a

period of eight weeks and after the Conference spent the remainder
of the time as a Visiting Assistant Professor at Michigan State
University.

Dr. D.F. Hebbard, who was on study leave at the

California Institute of Technology from March, 1967 to March, 1968,
was also able to attend the Gordon Conference.
Commencing in early

~:.arch,

a visit of approximately six

weeks was made by Mr. W. Ca elli to the Interna tiona l Business
~Iachines

plant in San Jose, California, U.S.A.

The purpose of the

visit was the testing, development and evaluation of program systems
for the IBM 1800 Data Acquisition and Control System, which was
installed within the Department in May of this year.

At the same

time, experience and information were obtained from users of this
machine in the field of nuclear data ucquisition in the U.S.A.

The

visit was made possible by financial support from I BM Australia Ltd.
Dr. H.J. Hay left in February for a study leave at the
Institute of Nuclear Sciences, New Zealand.
During the year, three new Research Fellows joined the
Department - Dr. P.J. Dallimore of the University of Oxford,
Dr. J.L. Black of Stanford University, California and Dr. W. Davidson
of the University of l lanitoba.

Six students also joined the group -

Mr. J. Hellstrom, B.Sc., from the University of Stockholm,
Mr. S.N. Tucker, B.Sc., University of Queensland, Mr. D. Rosalky,
B.Sc., University of Sydney, Mr. D. Powell, B.Sc., University
College of Wollongong, Mr. K. Carter,

~'". Sc.,

University of Otago,

New Zealand and Mr. I.G. Graham, B.Sc., University of Birmingham.
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Research scholars who were awarded the Ph.D degree
during the year and who have left to take up other positions,
are - Dr. J.M. Poate, Harwell Fellow, A. E.R. E. ;

Dr. J.M. rv·orris,

Postdoctoral Fellow, California Institute of Technology;

Dr. D.J. Sullivan,

P ost- dc~ tor~l

Fcllo:1, Victorid

Univ~rcity

of · ~follington, · . New Zealand and Dr.. B.D. Sowerby, Research
Associate, University of Alberta, Canada.

Dr. A.M. Lane of the U.K.A.E.R.E., Harwell, visited
the laboratory for two months and gave a series of lectures
entitled ''Nuclear Reaction Theory".

Professor B. Robson of

Florida State University who has worked closely with Dr. Lane,
came later in the year and delivered a lecture series entitled
''Nuclear Reaction Theory and Isobaric Analogue States" which complemented the material given by Dr. Lane.
Among other numerous visitors to the Department were
Professor P. Kapitza of the Institute for Physical Problems of
the USSR Academy of Sciences, Moscow;

Dr. Harvey L. White of

Research Centre for Science Education, Berkeley, California;
Dr. J. Baglin of Yale University, U.S.A.;

Dr. Kolsky of IBM, Palo

Alto and Professor Sir Harrie Hassey of University College, London.

RESEAitCH EQUIPMENT
Accelerator Operations During 1967
Although there were a relatively large number of minor
machine failures, most of which required tank openings, beam time
still amounted to 6200 hours for the year.

The tank was opened six

times - twice during the replacement of the original set of inclined
field tubes, twice due to electrical failure of the drive motor
and on the remaining occasions to allow replacement of corona
points and screens.
The inclined field tubes (12,000 hours use) were
scheduled for replacement in January.

During reinstallation, it

was discovered that the first high energy section differed from
the original IY;ark II version.

In view of the satisfactory

•
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performance of the original set, and the general uncertainty of the
inclined field tube situation, conventional straight high energy
tubes were installed until an exact replacement for the first section
could be obtained.

When this was installed two months later, serious

alignment problems were encountered.

The charged beam emerged from

the high energy end of the machine about 0.25 11 off axis such that
complete separation of the charged and neutral (on-axis) components
resulted.

The problem was solved by shorting out the first three

inclined elect rodes of the high energy section.
It is again noted that no failure of column resistors has
occurred since April, 1964 when a resistor, made up of Welwyn type
44F high voltage resistors, was placed in the critical position at
the terminaJ. end of the low energy column.
The high energy pumping system performed poorly for the
last six weeks of the year but it was found possible to operate
with virtually no stripper gas limitation using the vacion pump
which was installed at the high energy end last year. Even 0 16
beams were accelerated using only vacion pumping without any serious
problem from "ghost" beams, which are produced by poor vacuum in
the high energy drift sectiono
Early in the year, the 1 MeV Cockcroft-Walton, which was
brought into service in the first year of the Department's history,
1951, was dismantled and replaced by the 2 MeV AK Van de · Graaff
which had been used as the helium injector for the tandem.

This

2 MeV accelerator has been established for experimental work with
two beam lines.

These are instrumented for gamma ray studies,

charged particle reaction work and target voltage modulation measurements.

Target currents of 30 µa (H+), 80-100 µa (He+) and 2 µa (He++)
have been achieved with energy homogenity of +
- 1.25 keV.
Heliu..~

injection into the tandem is now obtained using a

1 NeV Type J machine.

Increased use of the negative helium accelera-

tion has also been made possible with a modified duoplasmatron
source.

Target currents of Ool µa have become typical;

value being about Ool6 µa&

the best

Decause of the exceptional stability ·

...

6.
of the He- beam, it has been used for gamma ray measurements with
sodium iodide spectrometers in preference to the more intense, but
less steady beams, available from the injector.

Further modifica-

tions are being made to a source to enable lithium vapar exchange
to be employed.
The second tandem target area is in full use and is
equipped with a 20" diameter scattering chamber for particle work
and a target chamber and rotating table for gamma ray spectroscopy.
The scattering chamber has been completely refitted to replace the
top and bottom lids which previously rotated as integral assemblies.
The lids have been fixed and the detectors mounted on inner plates
driven from a gearbox.

One of the lids has annular grooves to allow

detectors to be placed at 10° intervals around the target.

At

present, nine detectors are being used simultaneously for angular
distribution measurements.
Some difficulty has been experienced with the energy
reproducibility of beam entering the second area.

Variations of

up to 20 keV have been observed and are attributed to the closeness
of the two 90° analyzing magnets.

Sma.11 changes of de-gauss current

in the first magnet can cause significant changes of the trajectory
of the beam entering the second magnet.
Proposal to Install an FN Tandem Injector
This proposal, which has been described in earlier reports,
was the subject of a submission to the Australian Universities
Commission for the 1967-69 triennium.

However, in July of this year

the Federal Government indicated that it would not be able to
provide funds to finance the project in the 1967-69 triennium.

We

were invited, instead, to incorporate a proposal in our submission
for the 1970-72 triennium.
Before doing so a complete review of the position was
undertaken including assessment of alternative machines such as
variable energy isochronous cyclotrons in the energy ranges 12 to
50 MeV and 20 - 120 l1eV.

7.
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It appears, however, that such machines would cost
between

~4

and $6 millions, with an additional

for the building.

~l

million or so

This is comparable with the cost of an Emperor

(MP) tandem which, in many ways, is a better and more flexible
machine for experimental work.
~6

However, a capital investment of

millions or so appeared to be beyond achievement and the

final submission, which was presented in November, asked for
$2.2 millions to

allow a "super FN" accelerator to be installed.

It would be possible to use this machine in its own right as well
as in the role of an injector to the present EN tandem.
The overall system would allow proton and deuteron beams
of energies up to some 24 MeV and He 3 and He4 beams with energies
up to 30 MeV to be achieved.

A secondary feature would be the

availability of electron beams with energies up to some 9-10 MeV.
Data Acquisition and Processing Systems
The IBM 1800 process computer and two Intertechnique
12 bit analog-to-digital converters arrived in June.
and testing commenced immediately.

Installation

The first practical use of the

system was obtained in early September when an interface and software system became avdilable for general use by tandem experimenters.
This system was a relatively simple and restricted one but met the
majority of the pressing data

~cquisition

needs.

It included

4096 channel resolution single and dual parameter analysis and a
routing system for collection of multiple spectra.
A

~lark

II system was brought into operation in December

when the available core storage was doubled to its present 16 K
level.

This has permitted the extension of experimental

collec~

tion areas through time sharing, allowing execution of Fortran job
stacks while data acquisition continues.

This is particularly

valuable, as one can get rapid turn-around on jobs providing urgent
information to the experimenter, and at the same time, undertake
additional software development without disrupting experimental
schedules seriously.

•
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Plans have been made for a Mark III phase of computer
development.

This will be centred around an interface which is,

in fact, a high speed physical chta computer and which is under
construction at present.

The most significant effects of this

unit on the system will be a reduction of load on the 1800 computer
itself thereby freeing it for more sophisticated real time data
analysisc

It will also allow data acquisition from the 2 MeV

a~c '.) lerator

£t·s i:vcll no tr.c t..indem· ucc2lerator.
The early behaviour of the system has been excellent and
cables have been laid to enable it to go on-line to the 360/50
computer in due course.
The

2t~" Double ~ Focussing

Spectrometer and 65 cm Buechner Spectrograph

These instruments have been used in a routine fashicn for
experime-atal work throughout the year.,

In addition, a good deal of

development work has been performed on both.
For the 24" f.;pectrometer a technique based upon the use
of a position-s ensitive semi-conductor detector was developed for
measurement of spectrometer properties.

The focal plane was

located usirg alpha particles from a thorium source and monoenergetic
protons from the tandem accelerator.

Measurements were made of

hysteresis properties, magnification, resolution, astigmatism and
dispersiono
The information gained on the position of the focal plane
was used to design a detector mounting which permits three 5-cm
long position-sensitive counters to be mounted end-to-end along the
focal plane.

Data from the three detectors will be accumulated

simultaneously.

Absorbing foils of several thicknesse8 can be

placed in front of the detectors without disturbing the vacuumo
The device has been tested with a single 5-cm detector in place
and it operate8 very satisfactorily.
In addition, the calibration of the spectrometer was
completed using 80784 MeV alpha particles from ThC', and a beamcatching device was installed in the vacuum box at the 20° positiono
Work is proceeding on the installation of an NMR magnetic-fi ·-:,.d
stabilisero

9.
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In order that s·'·..:dies may be made with "clean" targets
of light nuclei, such a s lithium, an evapordting system, sealed-off
storage and cold-trapped
the Buechner

target~

spectrograph~

have been installed for use with

Early studies, using self-supporting

boron targets, show that carbon-free targets can be used and
maintained over the cours e of several-day runs with the spectrograph.
The Ge(Li) Detector and Applications
A 20 cc Nuclear DL des Ge(; ,i) detector was brought into

operation at the beginning of the year.
extremely good;

th ~

Its characteristics are

resolution for co 60 gamma rays is 4.2 keV

(with Tennelec 130 preaQplifier) and the full energy/double escape
peak ratio for 20614 HeV gamma rays is 2 o04.
The detector has been used for studies of (p,y) reactions
using both the 2 i ieV a ccelerator and the tandem.
1

Spectra were

recorded using the Intertechnique ADCs interfaced to the IBM 1800
systemo

Satisfactory linearity (differential linearity of about

1%) and stability (better than 1 in 2C-OO) have been achieved.
Efficiency determinations have been made for the
detector in the uGual way to allow extraction of the intensities
of gamma rays from the areas of full energy or double escape peaks.
Analysis of complex spectra from (p,y) reactions revealed the need
for alternate intensity estimates and, accordingly, the techniques
for line shape analysis of spectra with as many as 30 components
in 2048 channels have been developed using the full core
capability of the ANU IBM 360 computer.

Response functions were

obtained in a faEhion similar to that for Na! detectors except
that considerable care was necessary to measure line shapes with
thin targets, or at very narrow resonances.

Extremely good fits

have been achieved with the exception that the program manipulates
the line shapes assuming a linear calibration of energy versus
channel number.

In fact, a second order term is necessary for

calibration of the ADCs, so that slight _.,i. salignment of the peaks

10,,

occurs in the fitted spectra.
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While this is not considered a

serious problem, the program will be modified to take account of it.
Large Nal(Tl) Crystal
The laboratory has ordered a large (10" long x 9 3/8"
diameter) NaI(Tl) crystal to be delivered in mid 1968.

The crystal

will be used for high Q-value particle capture experiments, including heavy ion capture.

The design of the crystal assembly is such

that a large annular plastic scintillator around it will be operated
in anticoincidence with the inner NaI(Tl) detector so as to reduce
cosmic ray background.

It is hoped that the crystal resolution

will be 6% or better for 20 MeV gamma rayso

A number of problems

will have to be solved before the crystal can be used effectively
for experimental

work~

Among the more significant of these are

engineering problems of designing adequate shielding and an
angular correlation table capable of supporting the entire assembly
which will weigh more than a tono

It is hoped to have the system

operating by the end of 1968.
Pulse Multipli.er for- Particle Identification
In

orde~

to obtain particle separation in reactions such
as (11.e 3 ,p) (He 3 ,d) (He 3 , t) with solid state counters, a pulse
multiplier has been built which calculates (K1E.AE + K2 ) where E
and tJ?. are signals from a pair of counters and K1 and K2 are
variable constants to allow mass separation of reaction products.
Bench tests with an electronic pulser show that the multiplier
clearly separates protons, deuterons and tritons but it has not
yet been tested in the target area.
High Resolution Detection with Surface Barrier Counters
Solid states detectors have a number of obvious advantages
for particle detection - large solid angle, large energy range and
fast, electronic data collectiono

One of their disadvantages,

compared with magnetic detection, particularly with long range
particles, is the lack of energy resolution.

14Jl968
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What limits the resolution is not always clear since
electronic noise can be made very small and the statistical limit
is of the order of a few keV, even for 10 MeV protons.

Because

of the intrinsic interest in these effects, for example, as a
means of measuring the Fano* factor, and because of the many useful
applications of very good resolution (for example, in pp' experiments on medium weight nuclei) an attempt has been made to set a
lower limit to the energy resolution for 12 1'-ieV protons.
The preliminary mea surements indicate that two factors
significantly improve the resolution and reduce the low energy tail
on the peaks.

One is to overbias the detector to improve the

charge collection and the other is to use a small magnet in front
of the detector to eliminate low energy electrons from the target
which otherwise cause pile-up.
The best resolution so far achieved with 12 MeV protons
has been 24 keV.

A cooled detector mount to allow the detector

to be held to at lea st dry ice temperature, has been designed and
constructed;

it will be tested shortly.

Computer Progranunes
1.

DRC Program - A program for DWBA calculations written by Gibbs
et al (NASA 'IN D-2170) has been modified to accept six parameter
optical potentials and adapted for use on r m1 360/50 computer.
The program is very extensively used in the analyses of
experimenta l data obtained by

2.

a nUl:lber ·. of

research groups.

OPTICAL - This is an automatic search optical model code for
slow calculations.

It was generated by combining two already

existing codes:
ELASTIC, a non-search optical model code, and
BESFIT,. a general purpose parameter optimisation code.
3.

JI B3 - This is an automatic search optica l model code for
fast calculations.

The program was written by F.G. Perey

(Oak Ridge National Labora tory) and is working well.

*

G. Dearnaley and D. C. Northrop. "Semiconductor Counters for
Nuclear P.adia tions 11 J ohn Wiley I nc. 1963, page 23.

12.
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JUPITER-1 - A computer program for coupled-channel calculations.
The program, which was written by T. Tamura (Oak Ridge National
Laboratory) has been adapted successfully to the IBM 360/50
machine and is being used currently for the analysis of
scattering experiments.

RES&ill.CH PROGRAMME
During the year 32 papers were published by staff and
students while 9 were in press and 4 in preparation at the end of
the year.
Six Ph.D. theses were presented and all were accepted,
two being highly praised by the examiners.
Research studies ranged over nuclei throughout the
periodic table but the bulk of the effort was still concentrated
in the region A

< 29.

Experiments involving heavy ion acceleration have been
undertaken but the larger part of machine time was involved with
the acceleration of He 3 and He4 , with some proton and deuteron work.
The 2 NeV accelerator has contributed substantially to
research output and is proving to be a valuable research tool.
The summaries of work which follow are arranged roughly
in ascending order of the target mass employed in the experiment
concerned.
Proton-proton Bremsstrahlung
Proton proton bremsstrahlung provides a useful means of
measuring off energy shell matrix elements of the nucleon nucleon
interaction and a number of calculations and experiments have been
carried out at energies ranging from 20 MeV to 160 MeV.

Initially,

there were considerable discrepancies between theory and experiment,
in some cases amounting to an order of magnitude, but recent
improved calculations have resulted in the theoretical values
moving towards the experimental results.

There is still some

question regarding the coulomb contribution and a measurement at

13.
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a lower energy has been made to attempt to clarify this problem.
A preliminary measurement of the cross section at an
incident proton energy of 10.5 MeV has been completed. The value
of (0.5 ~:~) µb/st 2 favours those theoretical calculations which
predict cross sections less than 1.5 µb/st 2 •
The proton beam was incident on a hydrogen gas target and
two protons were detected in fast coincidence at equal angles of
30° with the beam directiono
protons.

This excluded the elastically scattered

The random rate was reduced still further by setting

energy windows over the linear spectra from the two counters.
These linear spectra were then stored as a two dimensional 32 by 32
array in the Ifil1 1800 computero

The randoms were stored

simultaneously in a similar array to allow a background subtraction
to be madeo

The D(p,2p)n reaction from the 0.015% deuterium in

natural hydrogen served as a check that the system was operating
satisfactorily during the experimento
Longer runs, both at 30° and 40°, are planned for the new
year to allow better statistics to be obtained in the hope that the
expertmental value will allo'N a chotce between the various theoretical predictions to be made.
Inelastic He 3 Scatterfr-g frnm Some Light Nuclei
Little data on the inelastic scattering of He3 is available
in the literature. Cross sections for inelastic scattering of He 3
from the nuclei Li 6 , Li 7 , n10 , F19 and A1 27 were measured at
several angles and 10 MeV bombarding energy as a feasibility study
for a more detailed programme.

In the experimentsthe inelastically

scattered particles were detected in both the double-focussing
spectrometer and the Buechner spectrograph.

The cross sections

were generally found to be of the order of .1 to 10 mb;

this

implies that detailed experimentation would be very time consuming.
2+ States of Be 8
Theoretical 't·:ork has continued on the correlation of
properties

of states cf

Be 8 from scattering and from reactions

in which it is fcrmed as a final stateo

(See also Page 30)
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This work has been done in collaboration with staff of
the Department of Theoretical Physics and details are given in the
report of that Department.
Beta-decay of B8
In connection with the

theoretical studies of 2+ states

of Be 8 , the a-particle spectrum has been measured from decays of
states of Be 8 formed by beta-decay of B8 • The lifetime of the
latter is 0.75 seconds, and for its study a beam-shuttering device
has been incorporated in the line of the 24" double-focussing
spectrometer. The reaction Li 6 + He 3 proceeds via (He 3 ,n) to B8
and via (He 3 ,p) to Be 8 • Delayed alpha particles from the former,
and prompt protons from the latter, were detected.
have been analysed to

The results

give a spectral density of 2+ states of Be8

formed.
41
Isobaric Spin Conservation in the B10 (He4 ,He ) Reaction
Ten HeV He4 particles were used to excite states in B10
via the B10 (tte4 ,He4 ')B 10* reaction. The inelastically scattered

He4 particles were momentum analysed and detected in the 24 11 doublefocussing spectrometer.
excitation of

The upper limit on the cross section for

the second excited state (T = 1) is less than 1% of

the cross section for excitation of the first and third excited
states (T

= 0),

indicating that the isobaric spin selection rule,

AT·= O, is obeyed for this reaction.
Deuteron Induced Reactions from c12 at Bombarding Energies
from 5 to 10 MeV
The reactions c 12 (d,d)c 12 , c12 (d,p)c 13 and c 12 (d,a)B 10
have been studied in the region from 5 to 10 MeV bombarding energy.
Differential cross sections as a function of deuteron energy for
7 angles between 30 and 160 degrees and several angular distributions were measured in that region.

Cross section data were taken

for elastically and inelastically scattered deuterons, 7 proton and
4 alpha channels.

A new computer program was used to analyse

14/1968
the spectra,

The excitation functions show broad anomalies and

the shapes of the angular distributions vary appreciably below
7 MeV deuteron bombarding energya
Proton Polarisation Measurements below 2 MeV
The polarisation of elastically scattered protons
measured across an analogue state resonance gives an unique value
of the spin of the analogue state and thus the spin of the corresponding low lying state in the

A((Z-l)(N+l)) neighbouring nucleus.

The method should be applicable even at energies below 2 MeV for
nuclei near the upper end of the

lf 712 shell.

It is planned to use the scattering from

c12

as an

analyser for this measurement but so far the polarisation of
protons elastically scattered from c 12 has not been measured below
1.5 MeV.

However, theoretical predictions of this polarisation

are as high as 80%9

Therefore, the first set of measurements will
be a double scattering experiment on c12 to measure the polarisation
at various angles for energies below 1.,5 HeV.

1 scattering chamber

has been designed and built and preliminary measurements were in
progress at the end of the
Multi-Level Analysis of

year.

c12 (aa)

Scattering up to 6.6 MeV a-energies

Hulti-level R-matrix fits have been made to data already
collected, for o+, 1- and 3- states formed in 0 16 between 7 and
15 MeV.

Three-level fits are necessary, and good agreement is

obtained for all cases.

Angular distributions and excitation functions of the
elastic scattering reaction c 12 (a,a 0 ) measured last year have been
analysed in terms of complex phase shifts for the range of incident
alpha particle energies 6.6 NeV< Ea ( 8.4 MeV.

The results confirm the presence of four levels in the compound 0 16 system at
excitation energies of 13.01, 13.08, 13el2 and 13.25 MeV respectively.

Level parameters for the states at 13001 and 13.12 MeV have been

...

•
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deduced with more accuracy than from previous measurements.
Parameters used in the fits to the data, using a two-level, twochannel approximation are shown below.

Ea (MeV)

J'fl'

r lab. (keV)

a=

ra I r
0

7.045
7.820
7.915
7.960
8.130

± 0.005
± 0.010
± 0.010
± 0.010
± 0.015

±

1-

130

10

1.0

z+

1.0

1-

200 + 15
150 + 20

0.40 +
- 0.05

3-

170 +
- 15

0.70 +
- 0.05

3-

35 +
- 10

0.35 +
- 0.05

-

Attempts were made to observe cascade radiation from the
levels near 13 MeV using both the Ge(Li) detector and two 5" x 4"
sodium iodide detectors in close geometry operated in coincidence.
The cascade radiation was found to be extremely weak and to proceed
via the levels between 6 and 7 MeV in 0 16 thus making positive
identification of the transitions with sodium iodide difficult.
Energy Loss Distributions
Symon 1 s theory of energy loss distributions is currently
being tested for protons of incident energies between 300 keV and
3 MeV on thin carbon and gold foils, with a view to applying the

theory to target thickness determinations.

The energy distribution

is observed by modulating a thin fluorine tar3et with a 25 KV
sawtooth waveform and feeding a measure of the instantaneous voltage
into a 512 channel PHA on the occurence of events from the reactions
19
16 and c 13 (p,y)N 14 at some of their narrow resonances, and
F (p,ay)o
11
B (p,n)c 11 and c 13 (p,n)N 13 at threshold.

Nl4(p,y)Ol5
Analysis of spectra from the N14 (p,y) reaction between
2.0 and 3.0 MeV proton energy has shown the existence of contamination from the strong F19 (p,ay)o 16 reaction. The presence of this
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contaminant radiation has f}'.'eatly complicated the analysis.
However, comparison with other experiments and demonstrations of
both internal and external consistency gives confidence in the
main results.
In order to examine this question more fully, coincidence
spectra have been collected using two 5" x 4" NaI(Tl) detectors
close to the target. By this means, radiation from F19 (p,ay) is
eliminated from the spectra as the only gamma-rays recorded are
those which are members of cascades, as is the case with the
relevant N14+ p radiation.
I

The 8.49 HeV State of N14 from the c13 (py) Reaction
The study of the c13 (py) reaction at the 1012 keV
resonance has now

been analysed.

It had to be delayed 'lmtil the

IBM 360/50 was working reliably.
The experiment, which measures both the transition from
the 8.49 i"IeV state to the 5.10 i ieV state and the transition from
this to the ground state gives strong support for a 4- assignment
for the parent

state.

The Reaction N 1L~(ay)F 18
An experiment is in progress to measure the N14 (ay)
cross section over a wide range of a-particle energies by detection
of the coincident annihilation quanta following the positron decay
of F18 • In the course of this an improved half life has been
determined as (109.8 ± 0.2) minuteso

No accurate cross section

data is available yet.
The

o16 (tte 3 ,a 0 )o 15

Reaction and Elastic Scattering of He 3

Particles on 0 16 Nuclei
Angular distributions for the o16 (He 3 ,a 0 ) reaction and
o16 (He 3 ,tte 3 ) reaction have been measured at eight energies between
9.802 1'IeV and 11.738 HeV.

They were analysed using six parameter

Wood-Saxon optical potential and zero range distorted wave Born
approximationo

Geometrical parameters were kept fixed at their
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"standard" values (r 0

1.07 fm, a = 0.854 fm, r 0 ' = 1.81 fm,

=

a' = 0.650 fm) and the search was made for V and W.

The numerical

values of those parameters were found to fluctuate in an unpredictable manner when passing from one incident energy to another
reflecting the observed irregular energy dependence of the elastic
angular distribution.

A separate analysis of the averaged angular

distribution was also made and yielded the following (V,W) potentials
(121, 27.9), (131, 33) and (157.6, 39.7).

These parameters were

used in the analysis of the averaged angular distribution for the
o 16 (He 3 ,a )o 15 reaction.
Assuming the spectroscopic factor S = 2
0

for the ground state transition, the average normalisation factor
R = 31.3 ± 3.2 for the (He 3 ,a) reaction was obtained. An attempt
was also made to analyse individual reaction angular distributions
by using average He 3 potential as well as the "best" potentials
obtained from the analysis of the individual elastic scattering
angular distribution.

It has been found tha t the values of R

obtained from the nvcruge potential fits ·show l e ss va riation: than
t hon e . ob'.:iJ.ined frora the "best" potential fits.

In all the analyses

a "deep" (V a = 190 MeV) potential was used.
The Reactions o 18 (p,n)F18 , o 18 (p,p'y) and o 18 (p,ay)N 15
The reactions o 18 (p,n)F 18 , o 18 (p,p'y)o 18 and o 18 (p,ay)N 15
are under investigation above 3 MeV proton energy by simultaneous
observation of the neutrons, 1.98 MeV y-rays and 5.30 MeV y-rays.
The y-rays are detected with the 20 cc lithium drifted germanium
detector.

Angular distribution of the 1.98 MeV y-rays are being

measured at the prominent inelastic scattering resonances.
The Reaction F19 (pay)o 16
Due to the widespread distribution of fluorine and the
prolific nature of the F19 (pa.y) reaction, F19 is a common and
frequently a serious contaminant in y-ray measurements. The contamination of data obtained from a study of the N14 (py)o 15 reaction
by y-rays from F19 (l)ly) prompted an investigation of this reaction.
Excitation functions of the transitions through the 6.13, 6.92 and
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7.12 MeV states in 0 16 were measured in 20 keV steps from
1.90 MeV to 4.16 MeV.

Spectra were collected using a 20 cc Ge(Li)

detector, and line shape analysis is in progress to obtain the
relative intensities of

the three transitions.

Additional spectra

from a Nal(Tl) detector will be used to provide an absolute
normalisation.

Broadening functions were generated in the fitting

prograrrune to take account of the strong Doppler broadening of the
6.92 and 7ol2 MeV gamma radiation.
The Ne 20 (He 3 ,He 3 )Ne 20 and Ne 20 (He 3 ,a)Ne 19 Reactions
Angular distributions of the elastic scattering of
10 MeV He 3 by Ne 20 and of a-particles groups corresponding to the
ground state and sixth excited state of Ne 19 have been measured.
The target was a gas cell containing isotopically pure Ne 20 at a
pressure of 70 mm Hg.

Analysis of the data in terms of the optical
19
model and DWBA is in progress. Further investigation of Ne
by
observing the gamma radiation from Ne 20 (He 3 ,ay)Ne 19 using a "solid"
(Ta foil loaded with Ne 20 ions) target and Ge(Li) and NaI(Tl)
detectors is planned.
.
Gamma Radiation from the Reactions
Ne 20 (a,a'r 1 • 63 ) Ne 20 and
20
23
Ne (a, pr0 • 4 L~ )Na
Analysis of the data mentioned in last year's report has
been completed. Spin and parity assignments of 2+ are made for
Mg 24 levels at excitation energies of 12.74 and 12.81 MeV, and 4+
or 5- (possibly 6+) for a level at 12.98 MeV.
Elastic and Inelastic Scattering of a-particles from Ne 20
and Ne 22 Nuclei
The measurements reported last year have been extended.
Angular distributions corresponding to the ground state (O+) and
1.63 MeV (2+), 4.25 MeV (4+) and 4.97 MeV (2-) states in Ne 20 have
been measured at the following incident a-particle energies:
12.0, 12.47, 12.52, 12.56, 12.61, 12.66, 13.0, 14.0, 14.2, 14.4,
14.6, 1408, 15.0, 15.2 MeV. Similarly, for Ne 22 angular distributions

•

20.

14/1968

corresponding to the ground state (l+) and 1.277 MeV (2+), 3.35 MeV
(4+) and 4o47 MeV (2) states have been measured at energies of
13.0, 14.0, 14.2, 14.4, 14.6, 14.8, 15.0 and 15.2 MeV.
a number of excitation functions were taken.

In addition,
The data for Ne 20 are

being analysed using coupled channel equation theory.
analysis will also be carried out for Ne22 data.

A

similar

Elastic Scattering of He 3 Particles from Ne22 at 9.744 MeV
A detailed and extensive analysis of the experimental

angular distribution has been carried out using both the four
parameter and the six parameter Woods-Saxon optical potentials.
The search was allowed for all the parameters in both cases.

For

the four parameter potential continuum ambiguities were observed
whereas, in the case of the six parameters, three discrete
potentials

Pot.

w~= e

w

v
(MeV)

70

1

obtained.

2

128~1

3

190

a

(fm)

(MeV)

10
15.4
29

1.129
1.022
0.999

0.880
0.850
0.850

r

a'

I

0

(fm)

(fm)

1.815
1.816
1. 749

0.640
0.626
0.600

It has been shown that the observed ambiguities result
from strong absorption of He 3 particles in nuclear matter.
In addition to this analysis, calculations with six
parameter potential and with the geometrical parameters fixed at
their "standard" values (r 0 = 1.07 fm, a = 0.854 fm, r 0 1 = 1.81 fm,
a'

=

0.650 fm) were carried out.

following (V,W):

Good fits were obtained for the

(79. 7, 1L2), (115. 7, 17 .2) and (140.l, 21.3).

Ne 22 (He 3 ,a)Ne21 Reaction at 9.744 MeV
Angular distributions for transisitons to states below
5 MeV excitation energy in the Ne 21 nucleus were analysed in terms
of the zero-range distorted-wave Born approximation.

Various

•
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combinations of He 3 potentials, as obtained from the analysis of
elastic scattering, were used in conjunction with "shallow''
(V

= 45 MeV and V = 75 MeV) and "deep" (V . = 190 MeV) a potentials.

The quality of fits and the relative spectroscopic factors are
similar in all the cases.

The results have been considered on
the basis of the strong coupling rotational model for Ne 21 and it
is shown that agreement between the experimental and theoretical
spectroscopic factors cannot be achieved unless band mixing is
assumed.
The Na 23 (p,p)Na23 and Ni 62 (p,p)Ni 62 Reactions
Some preliminary experimental data has been taken for
these reactions and the analysis will proceed in a similar fashion
to that for the reaction P 31 (p,p 0 ). (See later, page 27)
Static Quadrupole Moments of Excited States
This work is in the late planning stages and experimental
work will begin in January, 1968 with a measurement of the static
quadrupole moment of the first excited Jrr

=

2+ state of Mg 24 •

The

reorientation effect will be used.
Coulomb excitation of the state will be effected through
bombardment with oxygen ions, carbon ions and a-particles, using
the tandem acceleratoro
employed.

Two quite separate techniques will be

In one, the ratio of elastic (Rutherford) to inelastically

scattered ions will be measured directly with the Buechner spectrograph, using a combination of photographic plates and positionsensitive semiconductor counters for detection.

In the other,

coincidence measurements between backscattered heavy ions and yrays from de-excitation of the state will be made.
The work will be extended to a study of Mg 26 and other
light to medium-weight even-even nuclei.

Eventually, it is hoped

to apply these methods to the study of odd-even nuclei near mass
100 (e.g. Rh103 ).
The static quadrupole moments of excited states are
extremely model sensitive and give valuable information about
nuclear wave functions.

•
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Studies of particle gamma correlations using the 24" doublefocussing spectrometer in collinear geometry
A procedure proposed by Litherland and Ferguson has been
widely used to determine nuclear spins from the study of gamma-ray
angular correlations;

it exploits the simplifications produced by

making the reacting system axially symmetric.

For example, in the

case of (a,py) reactions on spin zero target nuclei, information on
the spins of levels in the residual nuclei may be obtained from
measurements of proton gamma angular correlations;
detector is set at

o0

states are populated.

or 180° so that only m =

the particle

± 1/2

magnetic sub-

The use of a hi3h-resolution magnetic

spectrometer as particle detector would permit the extension of
this procedure to cases where the levels of the residual nucleus
are too closely spaced to be resolved by ordinary semi-conductor
detectors.
For this reason techniques and equipment have been
developed to permit the study of particle gamma angular correlations
with the 24 11 double-focussing spectrometer set at
directiono

A

thin~walled

o0

to the beam

target chambeY with maximum possible

symmetry about a vertical axis has been constructed;
supported through the base of the chamber$

targets are

A steel platform

attached to the support framework of the chamber permits four
12.7 cm x

10~1

cm NaI crystals to be reounted simultaneously with

their axes in a horizontal plane passing through the target.

Their

angular positions may be varied in 2o5° steps, and the distance of
the crystal faces from the target may be varied continuously from
8.3 to 35 cm.
Angular correlation studies of several Al 27 states via
the reaction Mg 24 (a,py)A1 27 are in progress. In particular, an
attempt has been made to determine the spin of the 3.00 MeV level.
Spins of 3/2, 5/2, 7/2 and 9/2 have been suggested in the literature
although the weight of the evidence favours a 9/2 assignment.
correlation for ground-state radiation is consistent only with

The
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J(3.00) = 9/2 with B(= ~~) = 0 or J(3.00) = 5/2 with -2.00( B(= ~~)
'-1.07.

The correlation for radiation to the 2.21 MeV 7/2 state

indicates that J(3.00) = 9/2 with I BI
-0.29

<B(

0,03.

~O.l

or J(3.00) = 5/2 with

The branching ratios extracted from the

correlation data are in good agreement with thosereported for other
reactions which suggests that the 3.00 MeV level is not a doublet.
Lifetimes of States in Mg 25
The Doppler-shift attenuation method has been used to
study the lifetimes of the third to eighth excited states in Mg 25 •
The levels were populated by the Mg 25 (p,p')Mg 25 reaction at
bombarding energies between 4.0 and 5.2 MeV.

Variations in the
slowing-down time of the recoil ions were achieved by using Mg 25

targets on Ta and C backings.

Ge(Li) detector at angles between

incident beam direction.

r

rays were detected in a 6 cc

o0

and 135° with respect to the

The

Although accompanied by fairly large

experimental errors, the results for the third to seventh excited
states are in agreement with the recently published results of
Ollerhead et al.

The lifetime of the 3.399 MeV level was shown

to be less than 0.4 x 10 -l 3 sec.
The Mg 26 (He 3 ,a)Mg 25 Reaction at 10 MeV
Measurements of the angular distributions of a-particles
corresponding to the ground state and the four lowest excited
states in Mg 25 nucleus have been effected. A DWBA analysis has
been carried out using various combinations of ten a potentials
with two He 3 potentials.

The final fits were obtained for the

following parameters:

Pot.

v

w

(MeV)

(MeV)

a
(fm)

r0'
(fm)

a•
(fm)

He 3

l~

14.6

1.08

0.800

1.78

0.600

a

162

17

1.35

0.600

1.35

0.600

ll\
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The lower cut-off radius of 3.5 fm in the radial
integration was used.

Experimental spectroscopic factors were

compared with those calculated on the basis of the strong coupling
rotational model.

Good agreement is obtained if mixing of Nilsson
orbits in the ground state wave function for the Mg 26 nucleus is

allowed and the relevant mixing coefficients are treated as free
parameters. The results are compared with other measurements from
the (He 3 ,a), (d,t) and (p,d) reactions.
Mg 26 (p,y) Reaction
Resonances in the range of Ep between 660 and 1050 keV
have been reinvestigated using the Ge(Li) detector.

Singles

spectra were obtained at 55° at each resonance and the decay
schemes of the resonances determined by line shape analysis and from
areas of the full energy and double escape peaks.
The (0°/90°) yield was measured at the 719, 809 and
954 keV resonances providing reasonably conclusive evidence that
the resonance spins are 3/2, 5/2 and 3/2 respectively and that the
spins of the 3.678, 5.751, 5.828 and 6.160 t1eV levels of A1 27 are
1/2, 3/2, 1/2 and 3/2 respectively.

Branching ratios of numerous

levels have been obtained.
A1 27 (He 3 ,a)A1 26 Reaction at 10 MeV
The angular distributions corresponding to the ground
state and 0.229 MeV, 0.418 MeV, 1.059 MeV and 2.07/2.08 MeV states
were analysed using the DWBA.

The transition to the 1.760/1.85

MeV doublet does not exhibit direct interaction characteristics.
All the data are fitted with 1 = 2 curves only. "Deep" optical
potentials for both He 3 (V = 155, W = 15 MeV) and a particles
(V = 190, W = 17) were used.

The use of the lower cut-off radius

of 1.7 fm gives better fits than those with a zero cut-off.

The

relative spectroscopic factors as obtained from the zero-range
rn~BA

analysis are compared with the shell model calculations for
the Al 27 nucleus. Good agreement is obtained. The present results
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are also compared with previous measurement on the (He 3 ,a), (d,t)
and (p,d) reactions.

Some finite range and non-local DWBA compu-

tations were also made, the analysis being carried out partly at
the O.R.N.L. and partly in this laboratory.
Decay Schemes of Al 27 States
Measurements of Al 27 decay schemes using the 24" doublefocussing spectrometer in conjunction with a 12.7 cm x 10.l cm
Na! detector have been completed.

Coincident gamma ray spectra
were obtained for the following A1 27 levels: 2.21, 2.73, 2.98,
3.00, 3.67, 3.95, 4.05, 4.41, 4.50 and 4.58 MeV. The levels were
populated using the reactions Mg 24 (a,py)A1 27 and A1 27 (p,p'y)A1 27 •
Computer programs for line-shape analysis of the spectra have been
developed, and evaluation of the data is in progress.
T = 2 States in A1 28
Studies have been made via the reactions Mg 26 (He 3 ,p)At 28
and A1 27 (d,p)A1 28 of states of A1 28 in the region of excitation of
6 llieV, near the likely location of the T = 2 analogue of the ground
state of Mg 28 • Formation of such a state is "T-forbidden" in the
(d,p), but not in the {He 3 ,p), process. Evidence has been found
that the state at 5.989 MeV is relatively enhanced in the (He 3 ,p)
reaction, and so is a candidate for T = 2 status.

A search for

''anti-analogue" states is being conducted, but has so far been
unsuccessful.
The Si 28 (tte 3 ,a)Si 27 Reaction and the Elastic Scattering of He 3
Particles on Si 28 Nuclei at 12 MeV
Angular distributions corresponding to the ground state
and the 0.96 MeV, 0.78 MeV and 2.65 MeV excited states were
analysed using zero-range local DWBA. Three sets of He 3 potentials
as obtained from the analysis of the elastic scattering angular
distributions and a "deep" a potential (V = 190 MeV) were used in
the analysis.

All the combinations of the potentials give sub-

stantially the same fits and similar spectroscopic factors.

The
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results indicate that the upper limit on the lds/Z closed subshell intensity in the ground state of Si 28 lies b2tween 62% and 83%.
Proton-Capture Resonances in the Si 29 (p,y)P 30 Reaction between
Ep

= 500 and 1550 keV
Proton-capture resonances in the Si 29 (p,y)P 30 reaction

have been investigated with the 20 cc lithium-drifted germanium
detector from 500 to 1500 keVo

The silicon target used was of 90%

enriched Si 29 and was evaporated onto a gold backing.

Two

resonances in this reaction have been identified at 1.10 and 1.38
MeV corresponding to energy levels in P30 at 6.66 and 6.92 MeV in
addition to eight previously known resonances.
at these resonances were obtained at

o0 ,

Gamma ray spectra

45° and 90°.

A new level

corresponding to the energy level in P30 at 4.47 MeV was observed
in the y-ray spectra at the 1.38 MeV resonance.

This confirms

other evidence for the existence of a level at 4.468 MeV observed
at the 1302 keV

resonance~

The resonance at 1333 keV was found to

be a doublet and work is under way to determine the decay scheme.
Proton Elastic Scattering from Nuclei with A ~ 31
Proton elastic scattering studies have been started on
a series of nuclei for incident particles in the energy range
8.00 to 10.00 MeV.

The compound and direct processes are being

separated by use of the Optical Model and Hauser-Feshbach theories.
From these results it is proposed to test the validity of the Perey
formulae for proton optical potential on nuclei with A ~ 31 and,
also, to test the applicability of the width fluctuation correction
factor in the compound nucleus theory.

A compound nucleus

programme has been wnitten which includes the width fluctuation
correction factor and also employs a level density formula to
calculate all the possible exit channels.
It is intended to compare the relative amounts of
compound and direct reaction processes obtained by this method
with the estimates obtained from a fluctuation analysis.
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Excitation functions have been measured in 10 keV steps
at angles of 30 0 , 40 0 , 50 0 , 60 0 , 65 0 , 70 0 , 80 0 , 90 0 , 100 0 , 105 0 ,
110°, 120°, 140°, 150°, 160°and in 50 keV steps for the angles
35°, 45°, 55°, 75°, 85°, 95°, 115°, 125°, 130°, 135°, 145° , 155°.
Smooth curves are being fitted to the data to obtain an accurate
representation of the average compound plus direct cross sections.
From these smooth curves it is proposed to calculate angular
distributions from which the optical model parameters will be
obtained.

Some preliminary results obtained by averaging the

excitation functions between 8.00 and 8.20 MeV indicate that the
Perey parameters should be applicable.

There is also found to be

a very significant compound nucleus contribution, it being as much
as 70% of the total cross section at 110°.
Energy Levels of r<.4 2
Energy levels of K42 are being investigated by the study
of the reaction K41 (d,p)K42 • The K41 (90% enriched) target is in
the form of Kl evaporated onto a thin carbon foil.

The proton

groups were observed with the 65 cm Buechner spectrograph.

Further

work, to study angular distributions of the proton groups is
planned.
Investigation of Levels in the Odd-Mass Cobalt Isotopes
Levels in the odd-mass cobalt isotopes, 55-61, have been
observed with the Ni 58 , 60162164 (p,a) reactions by detecting the
outgoing a-particles with the Buechner spectrograph. About 15 new
levels have been discovered in co 61 , including the third excited
state at 1288 keV.

Excitation functions and angular distributions

near 10 MeV bombarding energy for some groups have been obtained
with solid state detectors in the scattering chamber.
The gamma ray decay schemes of several levels in Co
havebeen obtained by using the Fe 56 (a,py) reaction. Outgoing

59

protons were detected in the double-focussing spectrometer while
coincident gamma rays were detected with a NaI crystal.

Forward
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angle excitation functions for several groups have been measured
in the scattering chamber at bombarding energies of 10 - 11 MeV.
Information from this work is being used to select energies for
measuring p-y angular correlations for several levels in Co59 •
The correlations are being measured using method II of Litherland
and Ferguson;

the outgoing proton groups are detected at zero

degrees with the double-focussing spectrometer.

Preliminary

analysis of the data obtained for the first excited state of Co59
(1096 keV) indicates that it is consistent with a 3/2- assignment
for this level with a pure E2 transition to the 7/2- ground state.
Collective States of Odd-Even Nuclei
A detailed study is in progress of the excited states
of the odd-even nucleus Rh103 • According to the weak coupling
model it is expected that the low-lying states will show a
collective character since they are formed through the coupling of
an odd 2p112 proton to the vibrationa.L states of the even-even
102
Ru
core. It is necessary to have detailed knowledge of the
energies, spins and parities of the low-lying states, as well as
electromagnetic transition rates, in order to test this model
quantitatively.
In the experiment the states are excited through Coulomb
excitation with oxygen ions of energy above 30 MeV as well as
through proton inelastic scattering at 10 MeV bombarding energy.
The de-excitation y-rays from Coulomb excitation are observed with
the 20 cc Ge(Li) detector and y-ray cascades identified by observing
coincidences between this detector and a NaI(Tl) detector. Proton
spectra from the reaction Rh103 (p,p 9 )Rh103* have been recorded with
the Buechner magnetic spectrograph.

A large number of previously

unreported levels have been found in the excitation region below
2 MeV.

B(E2) values are being extracted and spin and parity

assignments will be made.
energy level spectrum :Ls

Preliminary analysis indicates that the
9.S

expected fro:r: =he weak coupling model.

14/1968

In particular, pairs ot states with the expected decay properties
have been found in the 2 - phonon region for the first time.

Sub-Coulomb Stripping
The experiment on Pb 208 (d,p)Pb 209 outlined in last year's
report, has been completeda
nngular distributions were measured using the Buechner
broad range spectrograph, modified to take a monitor counter while
absolute cross sections were obtained by an experiment in the
20 '' scattering chamber.

The results were analysed using both a

distorted wave programme and an analytic calculation.

The

spectroscopic factors were fot.md to be quite insensitive to
optical parameters but to depend strongly on the geometry of the
bound state well.

Following a method used by Greenlees for

analysing elastic scattering experiments, the bound neutron well
was parameterised in terms of the root mean square (r.m.s.) radius.
The product of spectroscopic factor times the rom.s. radius was a
much more stable number and, with an independent measure of the
r.rn.s. radius, may prove to be a means of obtaining estimates of
spectroscopic factorsc
For Pb 209 if the rea3onable assumption is made that the
low lying states are pure single particle states with unit
spectroscopic factors, then the r.m.s. radius determined by the
stripping reaction is 6al

± 0.3

fmo

This value is significantly

larger than the recent value of the r.m.sc charge radius of
5.43 + .03 fm obtained from electron scattering or the value of
5.49 + 0.01 fm from muonic X-ray measurements. The implication
is that the nuclear matter distribution is larger than the charge
distribution or that the neutron radius is larger than the
proton radius for Pb 209 ~

This result supports a similar

conclusion from accurate optical model calculations but disagrees with earlier n meson scattering measurements.
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Prelimina ry data has been taken on the other Pb isotopes
Pb20 6, Pb207 and a systematic study is planned for nuclei in the
r e 0~ion

cf N

=

82 and Z

=

50 .

The Li 7 (p,ya)a Rea ction
The (p,y,a) triple correla tion a ssociated with the
Li 7 (p,ya)a reaction proceedine through the low excitation regions
of Be 8 has been remea sured utilising the well known 441 keV proton
resonance in the Li 7 + p channel. The shape of the energy spectrum
of the a-particles, measured in time coincidence with the y-rays,
was fotmd to vary quite significantly with the correlation angle
between th2 a- and y-radiations. Assuming sequantial decay for
this shape variation with ccn-re4ation
the Li 7 (p,ya)a process,
angle is not consistent with tra nsitions through a single intermediate Be 8 sta te of a given spin-parity. Using parameters
obtained from a multilevel a nalysis of a-a elastic scattering
data , together with a plausible extension of the R-rnatrix theory

of nuclear reactions, the da t a were interpreted in terms of two
interfering Be 8 sta t es of diff er ent spin-paritie s. Thes e ar e
the well known brodd JIT

= z+ level near 3 MeV excitation and

another broader level of spin-parity o+ at higher excitation.

OTHim.

h.CTIVI TIES

During the year a ma jor re-assessment of the Department's
research programme and requirements for equipment in the future was
undertaken prior to making the submission to

the A.U.C. for the

1970 -72 triennium.
The regular research seminars continued and

d

number of

lecture courses, notably by Drs. A.b. Lane and D. Robson, were held.
Professor E. W. Titterton attended a number of meetings
of the National Radiation Advisory Comnittee, t he Defence Research
and Development Policy Committee and was elected Vice President of
the Australian Institute of Nuclear Science a nd Engineering.
is a member of the Council of that body.

He
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