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STAFF MJVEMENTS AND VISITORS
Professor E.W. Titterton was overseas for four weeks in
June.

At the request of the Federal Gover11'llent he spent four

days visiting the French Nuclear Weapons Tests establishments
and ships of the Task Force assembled in Papeete, Tahiti.

He

went on to the U.S.A. and to the U.K. to visit a number of
laboratories developing machines and research programs of interest
to the Department.
Dr T.R. Ophel was on study leave for the period October,
1965 to October, 1966, working at the M.I.T. and at the Argonne
National Laboratory.

He attended the A.P.S. meeting in Washington

(April), On-Line Computer Conference at Argonne (May), Gordon
Conference on Nuclear Structure at Andover, N.H. (June) and
International Conference on Nuclear Physics at Gatlinburg, Tenn.
(September).

He also visited the HVEC, the Chalk River Laboratories

(AECL) and the University of Rochester.
During the year two new Research Fellows joined the group Dr G.U. Din, lately of the Rice Institute and Dr D.J. Baugh of
the University of Birmingham.

Dr B.V.N. Rao, who recently

completed a Ph.D degree at the Andhra University, Waltair, India,
took up a position as Research Assistant in June.
Dr G.M. Crawley was awarded a Queen Elizabeth II Fellowship
and joined the Department in October.

Prior to returning to

Australia he had worked at Princeton and the Michigan State
University.
Professor J.R. Risser of the Rice Institute returned home
after eight months in the Laboratory and Mr G.S. McCallum, Head
of the Nuclear Physics Division of the New Zealand Atomic Energy
Authority, left in February after spending a year with us.
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Dr P.G. Young was appointed to a research position in the

Los Alamos Laboratory, U.S.A. and left in March.

Dr J.R.

Patterson, who completed his Ph.D course in February and was
awarded his degree in May, was appointed a Research Fellow at
the California Institute of

Tcc~nology

(Kellogg Radiation

Laboratory) and joined that group in September.
Mrs Elizabeth F. Scarr submitted her thesis (M.Sc.) in
February, and received her degree in May.

She joined the

Department as a Departmental Assistant, working with the Buechner
Spectrograph group, and is still with us.
Early in the year Dr G.G. Ohlsen resigned his Fellowship
and accepted a staff position at the Los Alamos Laboratory,
New Mexico, U.S.A.
Only two students joined the group during the year - Nr
Hartmut Cords of the University of Hamburg and Mr Kenneth L. Coop,
of Lockheed Missiles, California, U.S.A.
in 1967 are:

Due to arrive early

Mr J.O.V. Hellstrom of University of Stockholm,

Sweden, Mr D.L. Powell of the University College of Wollongong,
Mr D. Rosalky of Sydney University and Mr K.W. Carter of the
University of Otago, New Zealand.

Scholarships have also been

offered to Mr A.K. Outhred of Sydney University and Mr S.N.
Tucker of University of r ueensland, but it is not yet known
whether these will be taken up.
Among numerous overseas visitors to the Laboratory were:
Dr G.H. Stafford ofi Rutherford Laboratory, U.V., who gave
a course of lectures entitled :
"The work of the Rutherford Laboratory, U.K."
"A review of the subject - stron~ particles and the K0 2 puzzle."
''The Rutherford Laboratory 50 MeV P.L.A. and its experimental
program."
Professor F. B.

l ~alik

of Yale University, U.S./\.• gave a

series of lectures on the subject of:
"Phenomenological coll.cctive model. 11

I s ..•
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Cavendish Laboratory, Cambridge;

Dr. Gilbert J. Perl.aw of the

Argonne National Laboratory; Dr, J. Hatton of Oxford University;
Dr Ian Pizer of CERN Laboratory, Switzerland;

Dr Edward Teller

of the University of California and Professor J.D. McGee of the
Imperial College, London,
We record with pleasure that one of our ex-students,
Dr Bruce

l'-~ainsbridge,

has been appointed to the Chair of Physics

in the new University of Papua and New Guinea,
RESEARCH EQUIPHENT
The Tandem Accelerator • 1966
With the exception of the belt failure in December,
operation during the past year was as reliable as that of the
preceding year.

Two other tank openings were necessary due to

a leak in the terminal stripper gas assembly and to replace bearings in the alternator and drive motor.

Actual operation amounted to

about 6,000 hours of which the major portion continued to be devoted to the acceleration of helium beams in conjuncticn with the
2 MeV injector.
During the latter part c,2

tl1~ T~ar,

vcltage performance became apparent to
op:::ration at terminal vol cages
beam

instabiliti~s

ti.;.1~ ne~d

abov:-~

det~rioratir,g

th,~ c~~t~nt

hi.3h

that sta.bl'2

5 MV was not possible. Further,

and increasinely frequent b;;lt sparks sug3,2 ste<l

for a b:lt ;:-.:;placement.

A shut-down was planned £or January,

1967 to r2place the inclined-field tube sections (high energy sections installed two years ago with 12,000 hours use) and the belt.
Unfortunately, the belt ripped into two pieces early in December
causing a loss of seven days machine time.
installed nearly

3~

This belt had been

years ago and was only the second belt used

since ma.chine installation in 1961,

It is still intended to replace

the tube in January.

I
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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 terminal end of the low energy column.
Modifications to the machine included installation of a
500 litre/sec vacion pump, in parallel with the mercury diffusion

pump, at the high energy base, an NMR stabilization system to
control the stability of either of the two 90 analysing magnets
to within limits considerably less than 0.2 KeV and the addition
of control of the 40 KV exchange power supply at the main console.
There has been an increasing demand for the higher energy
beams obtained by means of He- acceleration.

Thus far, target

currents of up to 30 nanoamps have been achieved but it is proposed
to carry out modifications to the source in the fashion sugeested
by work at the University of Pennsylvaoiu.

A source is being

constructed and it is hoped to begin testing

early in the

n8W

year.
The second target room is now in operation.

One beam line,

on which is mounted a 20" diameter scattering chamber, has been
completed and a second line, for
be completed soon.
sc~ttering

g~

ray measurements, should

Remote control of detector Qngle in the

chamber hus been provided but

~

more complete system

to rotate and to change targets is planned.

The use of 500 litre/

sec vacion pumps in the new area has not been as successful as was
hoped for a number of reasons.

An oil diffusion system has been

added but the characteristics of the rotating lids of the scattering
chamber appear to be an inherent difficulty.
Helium injector
The 2 MeV AK Van de Graaf f injector will be replaced in
January by a 1 MeV Type J machine to enable the 2 MeV machine to
be set up for low energy experiments and for equipment and target
testing which would otherwise require tandem time.

The 1.2 MeV

Cockcrof t-Walton will be dismantled.

I 7 •••
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Proposal to install an FN

ta~siem

injector

The proposal to add a second tandem, type FN, for use in
its own Yight but with a second tube to allow negative ions to
be injected into the present accelerator was under detailed consideration by the Australian Universities Commission at the end of
the year.

It is expected that the submission will go to the

Federal Government for a final decision early in 1967.

In the

meantime the A.U.C. has allocated the necessary funds for the
building to house the new machine and also for an addition to the
~ffice-Laboratory

block which is now very overcrowded.

Work on

the latter project will commence about Easter 1967 but rebuilding
in the accelerator area cannot commence until a decision has been
made on the FN proposal.

This is

~ecausu·rt

will be necessary to

install the 44-ft long 48-ton FN tank and erect the building around
it.

The rebuilding has therefore been planned for the final

~ear

of the new triennium - namely 1969.
These developments - particularly the installation of the
FN machine are regarded as of the greatest importance for the
future research program.

They would allow

the

p~rticl~

beam

energy to be rai s ed f r om t he pres ent maximum of some 14 MeV to
some 23 MeV (protons, deuterons~ yield He 3 and He 4 beams of some
20 MeV (high intensity neutral ion injection) and 25 MeV (negative
ion injection).

This would greatly extend the range of experi-

mentation available to the group.
The 24" double _focussing spectrometer
During the year, although the device has been in use for
experiments, a good deal of development work has been done in
parallel :
It waa-flound necessary to modify the levelling devices which
correct for irregularities in the track;

these now operate

reliably and the vertical movements of the magnet are .(__ 0 .002"
over the full range of angular settings.

I a •••
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Modification:;to the vacuum box, including the addition of
anti-scatter baffles, were completed and the box was replaced
inside the magnet.
The spectrometer entrance slit system
installed;

~as

constructed and

the design is such that four independent slits can

d~fine

a rectangle of any size anywhere in front of the entrance aperture.
In attempting to locate the centre of rotation of the spectrometer, non-reproducible results were obtained.

Eventually the effects

were traced to flexing of the main support carriage and a method of
alignment had to be devised to overcome the trouble.

Entrance

slit~

target chamber and critical surfaces of the magnet yokR are now
aligned to an accuracy of a few thousandths of an inch.
The NMR magnetometer was constructed, tested and installed
in a r8cess near the entrance end of the vacuum box.

It performs

reliably throughout the usable range of magnetic fields, and may be
operated remotely from the tandem control room.
A system for accurately defining the beam position within the
target chamber has bGen installed and a new vacuum system, based on
a 4" oil diffusion pump, enables pressures below 10- 6 Torr. to be
achieved easily.
The stability of the commercially supplied power supply was
found to be unsatisfactory;

modifications were made to the control

unit to improve this and it is now better than 0.03%.

All control

equipment has been mounted in a mobile console which may be located
at various points within the tandem control room.
A detector assembly involving a single solid state counter
has been mounted at the focal point of the spectrometer;

it enables

slits of various sizes and absorbers of various thicknesses to be
placed in front of the detector without breaking the vacuum.
New target chamber lids have been constructed and they provide

I 9 •••
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considerable flexibility in the positioning of targets, the
monitor counter,

farad~y

cup and quartz viewer.

The spectrometer has been calibrated to an accuracy of
about 5 keV using particle beams of known energy from the tandem
and it is now operational, having been in use for experiments since
September.

No detailed studies of resolution have been made;
however, the 3 MeV doublet in A1 27 (separation 25 keV) has been
resolved without difficulty.

Early in the new year the foc -1

plane will be located to enable installation of position sensitive
detectors;

this will greatly increase the speed of data collection.

Equipment for this purpose has been constructed.

Further calibration

measurements using radioactive sources are also planned.
The 65 cm Buechner

sp~ctrogr~h

This has operated reliably throughout the year and its
precision is such that it has shown•up certain shortcomings in the
Tandem operation.

In last year's report it was noted that since the

installation of the inclined field tubes the beam energy spread
appeared to be noticeably worse than before.

This year the energy

spread has become worse, and a large amount of time has been spent
attempting to find ways of keeping it small enough to satisfy the
resolution capabilities of the Buechner spectrograph in
close spectral groups and in examining details of line
The energy spread from the Tandem

cov~rs

s~parating
sr~pes.

the maximum range allowed

by the separation of the 90° magnet object and image slits and the
distribution within this range is not random, but varies from run
to run.

If the slits are narrowed down to limit the energy spread

to less than 1 part in 1,000 then the intensity of the analysed
beam is reduced by a factor of ten.
From observarions of the beam energy distribution during any
particular run, it is possible to allow for this spread and interpret
spectra by numerical methods.

The volume of work requires a

I
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considerable amount of computer time.

~anuary,

1967

Ways of doing this

were developed on the 1620, but because of its limitations of
storage and speed, the programs were small and
was tedious.

execution of them

These programs have been further developed by

combination on the 360, and when this machine is functioning
properly, are successful and very useful.

Unfortunately, short-

comings in the OS 360 programs and occasional machine hardware
faults have inhibited the usefulness of these programs up to the
present.
~_§tabilization of the tandem 90° magnet

Some of the beam energy changes mentioned

abov~

were traced

to "step function" changes in the field of the 90° magnet.

These

changes appeared to be due to hysteresis effects following a
momentary flicker in the magnet current even though this is
controlled so that long term variations are less than 1 part in
104 •

A new method of deriving an error signal from the NMR
display was devised which has three main advantages over the normal
commercially available methods, viz, the oscillator power can be
high and therefore its level is not critical, the sweep frequency
is that of the mains so that the system is insensitive to pickup,
and the shope of error signal versus displacement of resonance
decreases for larger displacements so that the field modulation
can be large and permit easy lock-in during initial setting of
the magnet current and also permit a wide range of tandem energy
adjustment by merely changing the oscillator frequency.
Data acguisition and control unit
As mentioned in last year's report, an IBM 1800 process
control computer was ordered.

Unfortunately there has been a

considerable delay in delivery and the machine is not now expected
in Canberra until the middle of 1967.

In preparation for

installation a good deal of the necessary electronic design and
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construction of associatedequipment has been completed and
programs are under development.
Some of the major functional areas for comnru.nication with
the unit are described below, together with their current status.
1.

Data exchange.

This unit is intended to allow access to

j

'

data stored magnetically (Personal Disks).
by

Data can be recovered

and delivered to the Card Punch, to the Plotter or to the

nam~

Computer Centre.

The success or failure of the requested transfer

is reported back to the user, together with a reason for any
failure.

Error identification and recovery techniques are included.

The hardware has been designed, components purchased and
construction of the unit has just commenced.

The programs which

perform the transfers requested are in the flow diagram stage
while the program that determines the jobs to be done and
reports back to the user at the end of the transfer is at the
eard punching stage.
2.

Nuclear event interfacG.

This unit is intended to adapt

the output of the Analog-to-Digital Converters (2xPackard Model
160) to the requirements of the IBM 1800.

It is also to be used

to relieve the rm1 machine, as much as possible, of the calculations needed for individual nuclear events, thus reducing dead
times and allowing faster data input rates.

The design of this

unit is substantially complete, components are purchased and
construction is proceeding.

No programming for this area has

been done.
3.

Display and experiment control.

el~ctrical

The mechanical and

works needed for this unit are in the design stage.

Mathematical descriptions of the operations needed on the data
before display are being prepared.
4.

Plotter.

Several additional facilities have been added

to the Plotter during the year, mainly in preparation for the
link with the IBM 1800.

The amount of usage of the Plotter

I 12
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- 12 during the year has generally been satisfactory.
fluctuations have been

apparent~

Wide

with a reduction in demand

during the time that the Computer Centre was not allowing punched
card output and rises in demand dependent on the type of experiment
currently performed on the Tandem accelerator.
5.

Operating system.

The development of these programs is

needed because of the almost complete unsuitability of the systams
supplied by IBM with their machine.
are used where suitable.

Parts of the supplied system

Much of this programming is at the

stage of punched cards.
A general purpose data fitting computer program
A

simple optimisation program has been developed for

automatic adjustment of parameters of functions which are to be
fitted to experimental data.

The main difference from other

available optimisation programs is in the convergence criteria
which are used - they are related to the actual accuracy and
significance of the experimental data rather than to the accuracy
hoped for by the user.
The program is being used successfully for spectrum stripping,
angular distribution and excitation function analysis, phase shift
extraction, level parametcr5 from fits to spectra, optical model
analysis, solution of non-linear equations, etc.

The problems

treated can be unconstrained or have boundary constraints.
The 24" scattering chamber.
A

designed.

new target holder for the scattering chamber has been
This provides

.a

good indication of the targ·et angle

with respect to the beam and its constancy, while angular
distributions are taken.

The conventionally dimensional target

holder can be pulled into the lid plug and completely isolated
from the chamber vacuum.

This makes it possible to open the

chamber or to pump ·on it without endangering fragile targets.
Thus the targets can be 9hanged while the chamber--is l _e ft under
vacuum.

I 13· •••
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A target chamber has been designed to be used with the
high voltage modulation equipment for the measurement of neutron
thresholds.
Voltages up to 25KV may be applied to the target while
retaining essentially 2 rr

geometry for the neutron detector.

Both analyzing magnets have been calibrated with the system
using the B11 (p,n) and A1 27 (p,n) thresholds.
Ge (Li) detectors
A medium-size (4 litre) cryostat has been constructed for
use with Ge (Li) gamma ray detectors.

The system is self-contained

with a 15 cc/sec vacion pump attached and retains liquid air for
periods of about 60 hourso
Two 6 cc

and one 27cc device were available for

dete ~ tors

use by the end of

th~ year ~

RESEARCH PROGRAl1
Duri.ng the year 35 p=ipers were published while 10 were in
press and 5 in prepRration at the end of the year.
were presented by

Two theses

finishing - one for the Ph.D degree

~tudents

and the other for the MoSCc
The research work concentrated mainly in the region of the
light nucl~i, A <z·=, the studies involving proton, deuteron, He 3
and He4 bombardmcntsc
The summaries which follow are arranged rougLly·"i.n ascending
order of target mass.

FEW NUCLEON STUDIES
Tensor polarization of deuterons
By

accele~ating

~n

alphas on to

alpha-deuteron elastic scattering
deut~rated

polyethylene target,

the deuteron tensor polarization was measured at c.m. angles of 120°,
135° and 180°.

The results are compared to polarization parameters

predicted from recent d-a phase shift analysis.

I 14 •••
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Scattering of protons, deuterons and 3He by tritium
Elastic scattering data from these interactions have been
obtained at bombarding energies between 3 and 11 MeV.

A broad

anomaly at a deuteron energy of about 7 MeV is observed in the
d-T

elastic scattering cross sections.
No evidence is found
for excited states in He4 or Li 6 through p-T and He 3-T elastic
scattering.

Study of states of 8 Be
A detailed analysis has been made of states of 8 Be
observed by scattering and produced as final states firom nuclear
reactions, in an attempt to get a completely self-consistent set
of parameters.
A non-linear least-squares program has been used to analyse
elastic-scattering phase shifts for orbital angular momenta 0 to
8 units.
used.

In each case a three-level R-matrix representation was

With the parameters deduced, it was found possible to fit

line shapes of levels which have been observed via nuclear reactions,
and in each case determine the R-matrix boundary-condition parameter,
previously not thought to have any physical meaning.

The low-lying

levels required by this analysis._include a+ and 2+ states consistent
with those observed in neighbouring light nuclei.
Experiments related to this analysis have been completed as
follows:-

Li6(~e8 Angular distributions have been measured up to an
excitation of 31 MeV in 8 Be.

In addition to a (2+,o+,2+) system

of levels known to exist near 25 MeV, evidence has been found
+
for a 4 state, of width about 1 MeV, near 21 M.N, as well as for
a very broad 6+ state near 30 MeV. The latter state is very
probably one previously discovered in a-a elastic scattering at
Berkeley.

15 I ...
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Li 6 (He 3p)Be 8 •

transitions to the two lowest states in Be 8 •

The ground-state

transition shows strong evidence for a "direct exchange" reaction
mechanism, but the transition to the excited state is more cornplidated.
Li 7 (p,y)Be 8 •

The well-known 440 KeV resonance has be2n used to
study the line shape bf the 2+ first excited state of Be 8 through

a-y coincidence measurements.

Since the decay of the final Be8

state is observed here, one cannot exclude interference from spinparity states other than 2+, and there seems to be definite evidence
for interference from a 0 + state, which causes a considerable distortion of the line shape, as the a-y observation angle (kept in
the plane of the beam) is altered.

When corrections have been

made for target thickness and y-ray intensity factors, significant
variations still remain, both in the peak position (2.8-3.1 MeV) and
the observed width (1.5-1.8 MeV).
Be9 (p,d)Be 8 •

The study of the line shape of the ground state as

seen in this reaction has been completed up to 1 MeV excitation.
Above this energy the contributions to the spectrum from the 2.9
state become appreciable.

The "ghost" peak for the ground state

rises to a maximum at 450 KeV, the intensity there being(6.1±0.2)%
per MeV relative to the total intensity of the sharp main ground
state peak.
Be9 (p,d)Be 8 and B10 (p,He 3 )Be 8 •
been

The 2.9 MeV Be8 broad state has

observed from these two reactions.

Its width appears to be

less than 1.3 MeV, which is considerably narrower than the average
value, 1.45 MeV, from other reactions.

The possibility that the

small width is due to interference with alternative reactions through
excited states of Li 6 cannot be ruled out. If no interference occurs,
the closest fit to the line shape is obtained with R-matrix parameters which also give the closest fit to the 1=2 phas e shif ts

I 16 •••
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deduced from alpha-alpha scattering cross sections.
Li 6 (p,He 3 )Be 8 ,Be 9 (He 3a)Be 8 and B10 (d,a)Be 8 • These reactions
allowed a study to be made of the 1606 l1eV and 16.9 states of
Be 8 using the Buechner spectrograph. Investigation of the line
shapes and variation of intensity with angle and energy unfortunately proved fruitless because of changes in energy profile
of the Tandem beam already discussed.

If the beam spread is not

too great, its effect on the spectrum can be removed by numerical
methods. For the B10(d,a) spectra at and above lOi:·ieV and at
forward angles the results are essentially the same as those just
published by Browne et al (Physics Letters 23:371).

The spectra

can be fitted by a phenomenological function which is the square
of the modulus of the sum of the complex amplitudes.

A two-level

single channel R matrix density of states function, in which the
interference term is proportional to the product of the two level
amplitudes, has also been fitted.

The fit is improved if the inter-

ference is somewhat less than this amount (about 90%), suggesting
that the reaction mechanism involves more than one channel.

In this

case, the phenomenological function and the R-matrix function are
analytically equivalent.
Deuteron tensor polarization in the Be 9 (p,d)Be 8 reaction. Deuteron
tensor polarisation at Laboratory angles of

o0 ,

22.5°, 30°, 40° and

60° for proton energies at 4.91, 6.90, 8.27 and 9.80 MeV have be2n
measured.

A

D.W.B~A.

fit to these data will be attempted.

The

measurements indicate non-zero values of polarization implying the
presence of tensor forces in the reaction.
States of N13 in the 20-30 MeV region.
The detailed study of the (He 3+n10 ) system through all
particle exit channels has continued. Work on the reactions .
(He 3 ,d) and B10 (He 3 ,a) was reported last year and preliminary
information given on results from a study of the B10 (He 3 ,p) reaction.
This work has

b ~ en

completedo

The study involves proton transitions

I 17 •••

- 17 to the ground, 4.43, 7.66 and 9.64 MeV states of

17/1967
ANU-P/379
January, 1967

c12

and

excitation functions for the four particle groupswere taken at
150°.

Angular distributions for the p 0 and p 1 groups were measured
at twelve energies and total cross sections were extracted.
In
addition angular distributions were obtained for the p 2 and p 3 groups at
a bombarding energy of 5.4 MeV.
The experiments confirm the
presence of a strong broad resonance at 26 MeV excitation in N13
already seen in the (He 3 ,a) and (He 3 ,d) data.

There is evidence

in the data for three other states of widths about 1 MeV at excitations of 22, 24.5 and 28 MeV.
The angular distributions show a behaviour too complex to
allow.level parameters to be extracted uniquely by a simple Legendre
polynomial analysis.

However the analysis does suggest spins of

not less than 3/2 for the 26 MeV and not less than 7/2 for the
28 MeV state.
To attempt to resolve the position in r elation to the 26 MeV
state a measurement of the B10 (He 3 ,py15 • 11 )c 12 cross section between
4.5 and 9 MeV bombarding energy was undertaken.
This rose slowly
with energy over tbe interval considered and exhibited no structure.
It is argued from this that the B10 +tte 3 reactions do not excite El
giant resonance states in N13 and the 26 MeV state appears to be 3/2-.
In the analysis of the B10 (tte 3 ,d0 ) angular distributions at
9.8 MeV it was shown that a D.W.B.A. fit could be ma.de even for the
backward peak.

As elastic scattering data were not available for

the incoming and outgoing clunnels reasonable values of the optical
potentials had to be chosen for the initial parameter search.
An experiment to measure the elastic scattering in the
incoming channel was therefore made in order to check on the '
optical model potentials obtained from the (He 3 ,d0 ) fit. In fact
it was found that these parameters, V=-50MeV, W=-20 MeV,
R0 =Rc= 3.45 fm and a=(J.7 fm gave a good fit to the elastic
scattering data although underestimating the cross section in the
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80-120° rerion .

Better fits can be made by ad j usting the parameters

(e.g. W=-30 MeV with a =0.6 fm improves the situation) but then the
backward peak in the (He 3 ,d0 ) data is lost.
Addition of a spin
orbit term has the effect of smoothing out diffraction structure
while compound elastic scattering also tends to fill in the minima
and increase the cross-section at large angles.

Too detailed fitting

without allowing for such effects seems unrealistic.

The original

parameters , however , are not unique.
Thus following the most recent
optical model analyses of He 3 elastic, which assume potentials with
V

MeV a rood fit was obtained with

~-100

V = -85 MeV, W= -25 MeV, R0 =Rc=3.50 fm and a=0.60 fm.
Moreover using thes 2 parameters and recently obtained deuteron elastic
c
scatterinoc. data a fit can be made t c our ( 1,-Ie_3 , d ) ano.ular
distributions
0

encompassing both the forward and backward peaks.
cl2 (aao)

Two areas of excitation of the 0 16 nucleus have been studied
in some detail.
a)

For excitations up to 12 MeV, obs ervations made durinf 1965

have been improved by r e -measurement of data for backward angles,
where considerabl e accuracy of target aligrunent has been found
essential.

A phase-shift anal y sis of the data has been made with
an improved search program. Some of the 0 16 states participating
have been re-assess ed .
over the repion studied:

The s-wave phase shift remains below

o0

the p-wave phase shift contains significant

contributions from at least two levels ·

the £-wave phase shift

corresponds to a 3- state broader than that previously assigned.
Parameters for the levels in an R-rnatrix scheme have been obtained.
b)

Measurements previously initiated on a study of states near

13 MeV excitation have now been completed .

In this regicn one is

confronted with a many-level, many-channel problem , in which the
yield varies rapidly both wi th angle and energy.

The problem of

tarret aligrunent is correspondingly more important here than for
region a) above.
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A set of data has b een obtained with reasonably self-consistent
excitation functions and angular distributions, and analyses
of these is being done.

c,A-_~(£_,_ y )
Analysis of data gathered on and near the c13 (p,y) resonance
at a proton enerry cf 1012 KeV has commenced. The modes of deexci tation of the N14 state at 8.48 MeV are being studied.
The
data was gathered durinp 1964 but the amount of time needed for
analysis usinp the IBM 1620 computer was prohibitively large.
With the conversion to the IBM 360/50 computer of the gamma-ray
analysis programs, it is now feasibl e to continue this study.
!i14(p,y)

Most of the data needed for excitation function measurements
of the N14 (p,y) reaction in the energy range 1.8 - 3.0 MeV has now
been gathered.

After some delays in converting the original 1620

gamma-ray analysis programs to use the IBM 360/50 computer, the
excitation functions for the gamma rays from this reaction are
being extracted from the data.

It is not yet established that the

data are adequate for the purpose.

N 1~(~__uU ~n_d_N 14 (~~)
The nucleus N14 has been studied by means of the (d , p) ,
(d,p1 ), (d,p 2 ) , (d , p 3 ) ) (d , ao) and (d ,a 1 ) , (d , a 3 ) reactions as
well as elastic scattering cf deuterons on c12 in the enerfy
region from 14.6 to 18.8 MeV (5 to 10 MeV.deuteron bombarding
energy).

The excitation functions of proton groups, elastically

scattered deuterons and alpha groups have been measured at the
following laboratory angles:
in steps of 25 keV.

50°, 70°, 90°, 120°, 140° and 160°

Several resonances have been observed.

Tre angular distributions will be measured at appropriately chosen
energies.
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Level Assignments in 0 17 From c 13 (3,q )c13 (oi .n)016
Previous measurements of c 13 {x ,c<.)c 13 elastic scattering
differential cross sections by Barnes and Risser have baen extended
into the range of bombarding energies 3.5 to 6.5 MeV,. The measurements by Bonner et al of the c13 (O{ ,n)o 16 0 and 90 degree laboratory
differential cross sections have baen extended from 5.0 to 6.5 MeV
bombarding energy.
The sharp resonances observed in the previous c13 (

O<.. , n)o

16 studies

have been identified with resonances observed in the present elastic
scattering data.

From dispersion theory analysis a consistent set

of J" and partial widths for the corresponding levels of the compound
nucleus 0 17 have been obtained.
The parameters used in the analysis were required to give satisfactory
fits to the elastic scattering and reaction data simultaneously and to
satisfy the condition b_ + /.i =

r

e

The widths used for the narrow

resonances were determined experimentally using a target modulation
cross sections for the c 13 (~,n)0 16 reaction were
obtained using gas targets to compare the D(d,n)He 3 and c13 (q ,n) 0 16
technique.

Absolute

cross sections at a number of energies.

In certain energy regions

it was necessary to accept minor compromises in both elastic and
reaction fits to satisfy these conditions, however the final set of
parameters used to fit both sets of data differed very little from
the values which gave the best fit to either set independently.

The

parameters used to obtain final fits to the data are listed in the
table over page.
Spin assignments for some of the levels observed in this region have
been given by Schiffer et al on the basis of c13 ( q ,n) 0 16 angular
distribution data.

The assignments given in the present work are in

agreement with those previously given.
Above 5MeV bombardiog .energy, the resonances observed in both the
elastic and reaction data are broader and less well isolated;

further-

more other reaction channels, viz. neutron decay to the first and
second excited states of 0 16 , open. The complication of these addit-
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ional channels and the number of overlapping resonances precluded
detailed analysis of the data above 5 MeV, however angular momentum
assignments for some of the states in this region have been made
from a study of the angular distributions in the c 13 ~n)o 16 reactions.
Parameters used in the fits to the elastic and reaction data.

r. . 1 rt

(

Ed_ (MeV)

r lab

,::

1;1 r

(keV)

1-r:i.;r7>
JTT

Ex0 17 (MeV)

3.64

8

0.45

1/2-

9.14

3.69

4

1.00

7/2-

9.18

3.72

7

0.20

5/2+

9.20

4.11

20

o.85

5/2-

9.50

4.40

20

0.10

7/2+

9.72

4.42

80

o.9o

3/2+

9.74

4.58

16

0.13

7/2+

9.86

4.70

140

0.7B

7/2+

9.95

4.94

180

o.85

5/2+

10.14

4.98

60

o.1s

7/2-

10.17

s.08

160

0.60

7/2+

10.24

Elastic Scattering of He 3 particles on 0 16 Nuclei.
Angular distributiorsof elastic scattering have been
measured at incident He 3 particle energies of 9.80, 9.96, 10.21,

10. 31, 10.47, 10. 72, 11.23 and 11. 74 1·1eV and for angles between 150
and 165° in steps of

s0 •

In addition the excitation functions have

been measured for energies between 7.6 and 11.7 MeV in intervals of
100 keV for the laboratory angles of 40°, 10°, 100° and 165°.

reduction of experimental data has been completed.

The

The distributions

exhibit clear diffraction structure,
changing smoothly with the energy of incident particles.

A character-

istic feature of all distributions is backward peaking similar to that
observed for alpha scattering.

A change in the diffraction structure

occurs at higher end of the energy range studied and is marked by
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disappearance of a maximum at about 75 • The data for elastic
scattering as well as for o16 (He 3 ,a 0 ) 0 15 reaction reported last
year are being analysed ut Brookhaven National Laboratory, U.S.A.,
using optical model and distorted-wave Born approximation theory,
respectively.
Energy dependence of elastic and inelastic scattering of.. 1Ie4_ _ __
on Ne20 nuclei.
Angular distributions for elastic scattering and for inelastic scattering leading to the 1.63 (2+), 4.25 (4+) and 4.97
MeV (unnatural parity 2·) states in Ne20 have been measured at the
nominal incident energies of 12.0, 13.0, 14.0 and 14.8 MeV for angles
between 15° and 165° in steps of

s0 •

In addition excitation functions

ov..!r th:.; 0n.Jrgy r.J.rig~

12.0 and 15.2 MeV. have been obtained.
Gamma Radiation from the Alpha Particle Lombardment c~ Ne20

NaI(TI) crystcils have been used to measure excitation functions in

10 I~eV steps for 1.63-lleV gamma rays from Ne 2 °Ca,a~1 y) Nc20 and fnr
0.44 I-iaV ramma rays from t1e20 (a,py) Na 23 • The tart;et consisted of
Ne 20 absorbed on tantalum. Data were obtained at 55° for E,c.: from
5.2 to 6.1 haV, and at

o0 ,

90°,

and 125° for Ec. from 4.0 to 5.2

Approximately 30 resonances were observed corresponding to
excited states in u:::.: 24 • Analysis of tha data is proceedinc.

IieV.

~20(a,p) Na23

The reaction leading to the ground state (3/2+) and to the
first excited state 0.43
a -particle enercy of 15

UeV(S/2+) has been studied at an i.ncident

i·~eV.

Differences _in the diffraction struct-

ure for the two angular distributions, which might be attributed to
the J-dependence, have been observed.
Scattering of Helium 4
from. Ne 22 nuclei.
Angular distributions corresponding to

ground state
(O+), 1.277(2+), 3.35 and 4.47 UeV excited states in Ne22 have been
measured at incident energies ofa-particles of 12 and 14 HeV. Neas~h?

urements at other enereies are in proeress.
Elastic scatt<3rine of He 3-particles on N ·~ 22 :Nucl~i
.. ~tlooUl.ar distribution for elastic scattering have

t~n
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measured at the incident enerey of 9. 76 l icV and for aneles
between 15° and 165°.

A study of the parameters of the optical

model potential is being carried through using the IDH-360 computer. The analysis will support the DH:CA. calculations for Ne
(He 3 ,d.)Ne21 reaction.

22

Ne 22 (He 3 ,ol)Ne 21
This reaction has been studied at an incident energy of
9. 76

i~~v

usin[ a eas target.

Eight angular distributions corres-

ponding to states below 4.73 lieV in Ne 21 have been measured.
b~ m

Recently the strong-coupling Nilsson model has

used

to interpret the lm"l-lying levels in Ne 21 nucleus and it is believed that the present results will throw more light on the intrinsic structure of

ne 21

states.

The data will be analysed by usine;

DWBA theory.
Levels of ur;23

15 previously unreported levels in Ilg 23 have been found
between

4.a

and 6.0 ileV by magnetic analysis of the reaction products from 1·1e; 24 (I1e 3 ,d.) 1-lg23 usinca 10 ileV beam enerey. Hi3her levels

were obscured by intense He 3 groups in the spectra.
Levels of Na23
Enercy lev,.:?ls of ·Na 23 up to 9. 5 i-ieV have been observed by
magnetic analysis of the alpha particles from· th~ reaction ue 25 (d,~)
Na23 using the Buechner spectro3raph.

The beam enerey was lOMeV,

and observations were made at aneles of 15°, 30°

and 52°.

l~bout

60 new levels were found between 4.8 and 9.5 IleV.

The positions of
levels above 9 HeV can be compared with those found in Na23 (p, p'),
and correspond to a ground state Q value for Ug25 (d,cX )Na 23 of
7 .048 :t .010 tleV, which agrees with other mass links between I·ie 25

+
and Na23 , whereas the previously measured value is 7.019-.013
LeV.
Properties of the Enerey Levels of u0 25
A detailed study of the rie 25 energy levels has been carried
out using the l,ig 25 (p,p 1 y) and Ne22 (a,ny)i·le 25 reactions. For convenience the work is discussed in three s..:ctions:-

I
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a)

The branching ratios of the 3rd to 3th excited states wera
measured using the ue25 (p,p'y) reaction in which coincidences were?
observed between

and inelastically scattered protons.

gamma~rays

The resultsquoted in percentaees, toeether with the errors, are
shown in the following table.

Level to which
the initial
level de-excites
(MeV)

De-e;jcciting level

(MeV)

1.611

1.962

2.565

2.736

2.803

3.399

)96

3o":t3

<z

i±"2

~±5

5±"5

0.504

-

42"±"3

79"±"2

-

+
40-5

-

o.976

-

2 : "±"2

21"±"2

as"±"3

"-3

-

<2
n+2
u-

<6

95+5

37"!7

-

-

<6

-

Ground State

-

-

1.611

/2
'

1.962
2.565

Dashes indicate that the transition is either not observed or not expected because of angular momentura considerations.
b)

l~eV

level was investigated using y-ray
aneular distribution measurements at resonances in the l-Ig25 (p,p'y) and
Ne 22 (a,ny)Ug 25 reactions. By measurinai the ancular distributions of
the

The decay of the l. 962

1.962~0,

1.962~0.584

(pure E2) and 1.962--::>0.976 1-ieV transitions

at several resonances, the following values of the E2/lll amplitude
mixing ratios were obtained:
(i)

(ii)

for the 1.962 MeV y-ray,5
for the 0.906 tieV

= 0.56

y-ray, ~ =

+ '"'·, l

- 0.05

o.na
0.25 +
- 0.06

c)

Triple y-y ancular correlation measurements were performed on
the 2.73670.976-?0 and 3.399-?>l.611~0 cdscades in Nn25 usine the

technique in which the initial substate populations (or the corraspondine statistical tensors) as well as the y-ray mixing ratios
and any undetermined spins arc treated as unknowns.

The results

indicate that the spins and parities of the 1.611, 2. 736 and 3 •. 399 MeV
levels are ~ +, ~ + and ~+ respectively. The y-ray mixing ratios

I 25 •••

..

_7

25

ANU-379
J..im.ury, 1967

17/1967

which were determined are:(i) 6 =-G.36 :±" 0.12 for the 0.976 ~ C cascade
(ii) O = C.23

± 0.04 for the 1.611 --:;. 0 cascade

Col3 +
- 0.03 for the

(iii)O=

3.399~1.611

6 lie

There is 95% probability that the values of
quoted.

cascade
within the limits

The first two results agree with previous measurements.

l ~g 26 (ne 3 ,a )l·~r.? 5
The (ne 3 ,d) reaction leadin3 to th~ 3round, 0.584, 0.976,
1.611 and 1.962 r.IeV eJtcited states of U[? 5 has been studied at a
bombardinn

en~rgy

of 10 ileV.

Preliminary calculations of the aneular

_distributions in the ranee of aneles between 15° and 165° have been
completed.

Hg26(p,y)
Several resonances of the
e~tamined

as a

conseque~~e

U::? 6 (p,

of recent

"Y) reaction are bcine re-

eJ~perimental

and theoretical stud-

ies of the lev12ls of 1..1 27 •
Firstly, it would now appear that the 3.68 UeV level of A.1 27
decays by a stronc branch to th;.? 1~01 1-ieV level, contrary to results
obtained from i·ir? 6 (p, y ) resonance uorl~. Several of these resonances
have

bq~!J.

investic;c.lted by cc incidenc.a techniques and

Il~V

transition was observed at only the 339 KeV resonance.

th~

3.68-4- 1.01

Thus an earlier spin assi3nment of ~ + for th~ 3.60 UaV level
made at th·a 721 rev resonance was determined with a cascade incorrectly associated with the 3.6D lleV level.
Secondly, weak coupline calculations in J.i.1 27 have provided a
reasonable account of the branchinG ratios and mixine ratios for the
low-lying levels with the notable exception of the 2.73 UeV level.
Corr~lations

have been measured at the 009 ! eV resonance to check the
7

presently accepted experimental values.
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(ii)

Decay Schemes of Al 27 States
The gamma decay modes of the following states in Al 27

have been studied:

2.21, 2.73, 2.98, 3.00, 3.67, 3.95, and 4.05
MeV. The states were populated using the reactions Al 27 (p,p'y)
A1 27 and Mg 24 (c< , py-) A1 27 • Each state was defined by detecting
the associated proton group with the 24" double focussing spectrometer,
and the coincident gamma-ray spectrum measured using a 5" x 4" Na I
(TI) crystal placed approximately one inch from the target spot.
Attempts are in progress to study some of the higher excited states
in the same manner.
Al 27 (He 3 , He 3 ) A1 27
The data for elastic scattering at 5.5, 7.0, 8.0, 9.0
and 10.0 MeV have been reanalysed using the six parameter SaxonWood optical potential with real part of around 150 I1ieV.

The anal-

ysis has been carried out at Oak Ridge National Laboratory,

u.s.A.,

and the average potential for all angular distributions is given in
th~

table below:

v
[MeVJ

'Yo
[fm ]

155

a

\;\/

[fm ]

[MeV]

Yo'
[fm]

15

1.78

o.ao

1.08

a'

I

Cfm]

Ye
lfmJ

0.60

1.4

Si28{He3z~)Si27

The experimental data for a study of this reaction have been
obtained and

ang ~l ar

distributions corresponding to the ground state

and 0.78, 0.96, 2.17 MeV excited states are being calculated from
them.
The energy of incident He 3 -particles used in the experiment
was 12MeV.

The target was a self-supporting foil made by evaporat-

ion of natural silicon.
Elastic scattering data for He 3-particles on Si nuclei ~e
also taken at the same energy.
Coulomb Stripping Reactions
There is considerable theoretical interest in stripping
reactions where both the incoming and outgoing particles have energies below the Coulomb barrier.

In such cases many of the limitat-

ions in the distorted wave Born approximation are removed and it
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appears that very accurate spectroscopic factors can be
obtained.

An experimental program has been initiated to test these

ideas with a view to applying the results to regions where shell
model predictions can be evaluated by accurate spectroscopic information.
There have been only a few experiments on zr 90 and Pb 208
to test the theory and, at the moment, the results seem to be conflicting.
near Zr.

The method appears to work well in the Pb region but not
Experiments on the other Pb isotopes and nuclei with A

between 90 and 208 therefore are planned to attempt to resolve the
difficulty.
In lighter nuclei, below A=SO, the

abil~ty

of the tandem

to cover a wide energy range can be utilised to test spectroscopic
factors obtained

both above the Coulomb barrier, using the convention-

al DWBA, and below the Coulomb barrier.

This should serve to test

the reliability of the DWBh treatment in such nuclei.
Multiple particle stripping reactions, e.g. (d,a) and (p,a)
qre
also/planned at bombarding ~nergies below the Coulomb barrier where
the cross sections are expected to depend very strongly on the long
range tails of the form factor for particles "picked up".
Reactions with He 3 particles of energy above 15 MeV on Medium Weight
Nuclei
(He 3 ,d) and (He 3p) direct reaction studies are planned for
a number of medium weight target nuclei.

Both solid state detectors

m11U11ted in a scattering chamber and the complementary tool of the
Buechner broad range magnetic spectrograph will be used in the studies.

The positions of energy levels can be established accurately

with the spectrograph and spectroscopic information extracted from
angular distributions obtained with solid state detectors.

fi

pulse

multiplier is under construction to separate the reaction products
and the IBM

1800 computer will be used as a 2 dimensional analyser

for the work.
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Test of Time-Reversal Invariance i n Nuclear Interaction.
Recent accurate tests of time reversal invariance in
nuclear reactions have compared relative cross sections with an
1%~

accuracy of better than

However, an absolute comparison of

cross sectioP-s for a forward and reverse reaction has not been made
to better than 2%.

Wlth a stoichiometric compound as a common

target and making use of the convenient interchange of bombarding
particles possible

~..nth

the tandem accelerator, errors due to target

thickness uncertainties and the geometry cc?.n be rninimised,
Complex Angular Momentum ip. liuclea.r Rea.ct:tons
Following an

ea:rli~r.

analysis of siwplc cne-channel prob-

lems using a Regge-pole representation theoretical work has contin~.n

ued on removing difficulties

the forrr.. of incorrect threshold

behaviour, lack of unitarity, and ambiguity of <lefinition of nonresonant backgrc.und,,

~hresh.::>lc.

The

problem 5.s overcome by including

from the start rm. extra-auclear Cc:.'lc:.nb interaction.
non-trivial fcctors

wh.lc~1

amplitudes in angular

affect the

uome~tu.r.1 .

c:-.n~. lytic

This introduces

l:chaviour of scattering

The problems of u:1itarity and back-

ground are removed by 1;;.s5.ng a pr.-:dt;ct representation for the scattering matrix Khi ch,

t i~o "..6~1

mere

cc.r:.:plicA.t <.~-1

than the older scheme, ·

depends explicitly only on the propertieG of an opt ical potential
and individual pole trajectories o Nt:,11£rical fitting of data for
nuclear systems containing

multip~e

pole trajectories, is being

carried out 'l;'l.: th t he new r epresentation .
I

During his visit to the U.S.A. Professor E.W. Titterton
gave an invited paper at

th~

Gordon

Res~arch

Conference on Nuclear

Structure entitled "States cf N 13 in ti1e giant resonance region".
A Paper by Dro J. Nurzynski entitled "A Study of (He 3 ,a.) Reactions
on Light Nuclei" was read at the Heidelberg Conference on Progress
with Tandem Acceleratorso
OTHER ACTIVITIES

Professor E.Wo Titterton gave the Einstein Memorial Lecture
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of the Institute of Physics at Adelaide University in September.
The title of the talk was ''Matter and Energy".

During the year he

attended a ntunber of meetings of the Defence Research and Development Policy Committee, the National Radiation Advisory Committee
and the Council of the Australian Institute of Nuclear Science and
Engineering.
Research Seminars and discussion group activities continued
during the year and a new activity - a Nuclear News Club - where
students are encouraged to review recent important publications was started and proved to be most successful.
Theses presented during the Year
Mr. J.R. Patterson :
"He 3 reactions on B10 and c12 "
Mrs. Elizabeth Scarr

"Application of the Buechner SpectTograph

to the Study of light nuclei".

17/1967
PUBLICATIONS FOR THE YEAR
(including some from 1965 not listed in last year's annual report)
Barker, F.C. 1, Patterson J.R°' Poate, J.N. and Titterton, E.W.
"The 26 MeV state of N13".
Physics Letters 21, 318, 1966
Baugh, D.J., Griffith, J.A.R.:f: and Roman, S.:f:
"Polari ··ation of 17 .8 11eV protons elastically scattered
by nucleic"
Nuclear Physics, 83, 481, 1966
Benenson, w.:f: and Crawley, GcMo
"Energy dependence of inelastic proton scattering."
Bull. Am. Phys. Soc. 11, 477, 1966
Blyth, C.o.t. Chesterfield, Coral M. and Morris J.M.
"A. fast calibration method for cyclotrons employing

inc1:"emental target potential techniques."
Nuclear Instruments 41, 164, 1966
Bray, K.H., Nurzynski, J. and Bourke W.P.
"Some anomalies in the Reaction o16 (He,a 0 )o 15 : 11
Physics Letters, 21, 536, 1966
Courtice, FnC.1, Ford, E.+, Baxter, Pnt, Clark, A.M.+,
Gill,D.A.:f:, Holman, W.P.:f:, King, E.S.J.:f:, ~Iartin, L.H.t' and
Titterton, E.W.
''National Radiation Advisory Committee Report."
Aust. J. Sc. 29, 59, 1966
Crawley, G.M., Hirst, D.V.:f:, and Austin, S.M.t
''A proposal for the production of Micron size beams of
25; to 50 MeV protons."
Contributed paper to the Medical Physics Symposium,
June 9-11 1966, Madison, Wisconsin.
Crawley, G.M~ and Atneosen, R.A.:f:
''Direct (pa) Reactions on Al 2 7 11 •
Bull. am. Phys. Soc. 11, 472, 1966
Din, G.U. and Alexander, L.A.+
"(d,d), (d,pL (d,a) and (a,a) Reactions with A1 27 and Na23
below 3 MeV."
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