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PREFACE

The Research Establishment Progress Report 1s a technical report
dealing with work done In the twelve month period ending September 30
each year.
For convenience of readers, this Progress Report Is published In
two parts. Part I contains reports from those Research Establishment
Divisions whose work Is concerned largely with research; progress in
the work of remaining Divisions and Departments, which is largely
service oriented, is described in Part II. Each part contains its
own overall contents sheet and each sub-division of each part, its
individual contents list. Note that these sub-divisions are
independently paginated.
Wherever possible, the names of staff responsible for the work
being reported are given.
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1. INTRODUCTION AND SUMMARY

The Applied Mathematics and Computing Division provides a computing
service, together with mathematical and programming advice and assistance, to
all parts of the Commission. The Division also undertakes research and
development into areas of computing and mathematical techniques which have
relevance to the Commission's activities.
The major event of the present period was the installation and
commissioning of the new IBM3031-based central computing system. The system
was installed in December 1978 and brought into production in January 1979
with a transitional MVT (multi-programming, with a ^ariable number of tasks)
operating monitor, similar to the MVT system previously running on the
IBM360/65 computer. The IBM360/65 system was phased out in January 1979.
Conversion to the new IBM operating system, MVS (multiple .virtual .storage), is
now under way. This conversion is a major undertaking and is expected to be
completed early in 1980.
Whereas major changes to the previous MVT operating system were necessary
to incorporate the advanced interactive network concepts and facilities
developed within the Division, the new MVS operating system recognises the
need for well-defined system user interfaces, and provides a number of than.
This has allowed the Division to adopt a policy that all system developments
within the Division shall interface in a standard manner with the MVS
operating system; so far no exception to this policy has been needed.
The Division's computer network handling software has been completely
re-designed and re-written for MVS, to maintain all of the present network
facilities and to provide extensive new facilities. A new method for network
I/O (input/output) access has been devised.
The UNIX operating system, developed by Bell Laboratories in the United
States for large DEC PDP11 computers2 has been used as a base from which to
provide a wide range of interactive user facilities for both the PDP11/45
Graphics node and the Site Information Services (SIS) PDP11/34 computer.
Access is also available to the Editorial and Publications Group for the
preparation of technical documents (see Sections 2.4 and 5.5).
An international symposium on language design and programming methodology
held in September 1979 was organised by Division staff and sponsored jointly

by the Commission and the University of New South Wales. This symposium
attracted world-wide interest, with keynote speakers coming from Austria and
the United States.
The Pascal system, developed by this Division, continues to be widely
sought after, both in Australia and overseas. Close to 200 copies of this
system have now been distributed world-wide.
The feasibility of the Interdisk project was demonstrated with IBM330
compatible disk drives, before their replacement by the newer, faster IBM3550
drives. Digital Equipment Corporation (DEC) has offered to donate their new
LSI11/23 computer to the Division to enable this project to be completed with
these drives.
Research is being undertaken into the area of multiprocessor computing
systems, using cheap micro-processors. Their use as fast, reliable personal
computers, and as communications controllers, is being investigated.
In the field of Applied Mathanatics, the three-dimensional diffusion
theory code POW3D, developed by the Commission after joint Australia-UK
discussions, is being extended to include kinetic cases. Graphics packages
developed previously have been used to produce a short film illustrating
convergence techniques.
The research into gas transport in lung airways, which led to the award
of a Churchill Fellowship to a Division member, has continued; and a
composite model of such gas transport has been proposed.

2. DIVISIONAL RESEARCH

2.1 AppVled Mathematics Research
Gas transport in lung airways
[M.R. Davidson]*
A discrete linear model of convection-diffusion in branching alveolar
ducts has been described in earlier progress reports. A composite model of a
uniform lung is formed by matching a linear model pathway through the branched
network of the respiratory region onto a trumpet representation of the
conducting airways. The trumpet represents the increase in total airway
cross-section with distance into the lung. Taylor dispersion, enhanced mixing
due to heart action, and isotropic volume changes during breathing are
important factors included. Average alveolar levels agree extremely well with
published data. However, mixing during expiration is very rapid so that for
inert gases, no alveolar slope is predicted in the absence of regional
differences.
2.2 Distributed Computer Networks
Network software for MVS
[D.J. Richardson]
The computer network handling software has been redesigned and rewritten
to interface with the IBM MVS operating system in a completely standard
manner. In addition to all previous functions available under MVT, the
following new interactive user (link task) functions are provided:
(i) Link tasks may be nested to any desired depth (previously limited to
two levels of nesting). ,

(ii) Link tasks may operate either in a single-group address space for
simple relay functions, or in their own private address spaces.
* All work attributed to Dr Davidson was undertaken in the first portion of
the current period, before he took up his Churchill Fellowship

(Ill) Dynamic allocation, the equivalent of batch job JCL (job control
language), is available to the private address space link task user.
When implementing the new network handler under MVS, considerable
attention was paid to giving the fastest possible response time to interactive
users. To achieve this, queues of ready address spaces and task control
blocks were provided for private address space users, and a new access method,
AELCOM, was devised. A novel feature of AELCOM is that all I/O operations
required by interactive users are performed under the aegis of the main link
task monitor, thus avoiding the need to fix individual user I/O buffer areas,
as required by all other IBM-provided access methods. Unhindered paging and
address space swapping by link task users may take place, greatly improving
overall response time and system efficiency. In addition, the delayed busy
function,* previously a major systan modification under MVT, is incorporated
as a standard part of AELCOM, avoiding the need for any system change to MVS.
The Interdisk project
[J.M. Tobias, D.J. Richardson]
The necessary hardware for the Interdisk project has been completed by
P.J. Ellis of Instrumentation and Control Division. A substantial amount of
time was spent debugging the interfaces, and the greater part of the system is
now functional. A highlight of the project was that it provided the ability
to operate the complete prototype successfully, albeit in a restricted mode,
on the IBM360/65 disk units. The original goal of the project has now been
realised, with the completion of a unit that could link a PDP11 to IBM3330
disk units.
Modula is the latest language to be designed by Professor Nicklaus
Wirth, inventor of the Pascal programming language. It is being used for
software development of Interdisk. Modula is a high level language designed
for real-time control computers, and borrows many features from Pascal. The
University of York has implemented Modula under UNIX, with an interface to
LSIlls and GT40s. Modula has been installed under UNIX at the Research
Establishment and is being used for most of the Interdisk software.

* The delayed busy function is the subject of a provisional patent
application [Richardson, Cox].

Preliminary documentation describing the prototype of Interdisk has been
prepared and submitted to DEC for evaluation.
In the last part of the period, progress of the Interdisk project was
somewhat hampered by the delay in the provision of a new LSI11/23 computer.
This computer is being donated to the AAEC by DEC to enable Interdisk to
communicate with the high speed 3850 disk controllers. Although the LSI11/23
was expected March 1979, it has still not arrived. It appears that there is a
world-wide delay in the provision of these new computers, and very few, if
any, have arrived in Australia. It is hoped that the PDP11/23 will be
delivered shortly.
Development of the MICRONET system
[P.L. Sanger]
The MICRONET systen was developed for the 4K word MICRONOVA computer to
give remote terminal users access to Research Establishment computing
facilities via four automatic answering Plan 40 modem lines. This 3K word
system was made available to users on 1 August 1979.
ACL mode support was provided by pseudo-RTI communication with the NOVA
820 computer, and full access to the other resources of the Research
Establishment computer network was provided by direct non-ACL mode
communication to the other nodes of the network.
Modification to DATERCOM
[P.L. Sanger]
Further modifications to the Dataway terminal communication system
(DATERCOM) were made to enhance the facilities available with ACL-NOVA access,
and to handle the conversion to the IBM3031 MVS central computer operating
system.
Changes to ACL-NOVA include eighty character input and output, the
function UNO (exprn) to test for undefined variables, the use of the CLEAR
statement in a stored program, improved performance for overprinting with use
of the colour character in a TYPE statement (the TYPE* option can be used for
programs requiring physical rather than logical overprinting), the option of

using the equal sign character as an alternative to assignment arrow, the
removal of work area expanded messages, and more flexible LIST statanent
options.
Other changes to DATERCOM include
- the use of a two-millisecond poll for the SMUT (serial multiple-user
tenninals) systan to significantly improve transmission error rates;
- the polling of 64 SMUT addresses;
- facility for twenty fast SMUT table entries;
- facility for the X(06) command to be used to ensure correct SMF recording
of ACL Save attention requests;
- facility for the cntrl/P character (OLE) to be sent at the end of a
terminal session to synchronise the end of the RTI (remote teleprinter
interface) mode of activity;
- facility for the X(09) and X(OA) commands to be used to access the lookahead buffer;
- avoidance of the sending of END-SESSION attentions to the central
computer if the password or user ID were not validated;
- modification to the terminating and $ access attention bytes for MVS
compatibility; and

- facility for processing the X(71) system message command.
ACF/VTAM application tasks
[P.L. Sanger]
Application programs, written with the IBM ACF/VTAM program product, are
being developed for the IBM3031 MVS central computer operating system to
provide ranote printer, reader and plotter support for the Research
Establishment computer network. Secondary ACF/VTAM application programs will
also be set up to give network terminal access to TSO and to ranote console

facilities.
The UNIX Dataway handler
[G.W. Ready]
The UNIX Dataway handler has been completely redesigned and its
implementation is almost complete. The previous handler was not able to
support both active and passive devices running together and also knowledge of
valid commands was retailed within the handler. The new handler overcomes all
of these difficulties by issuing busy to all passive commands and then
notifying the controlling process.
*
2.3 Interactive Computing
Use of the C programming language
[G.W. Ready]
C is a powerful,
implementation of the
versatile nature. It
operating systans (e.g.
language.

high level programming language. Its use in the
UNIX operating system attests to its powerful and
is available for several types of computers and
PDP11, IBM370, Honeywell) as a general programming

Several small minicomputers at the AAECRE had been purchased to control
experiments and were to be programmed using assembler language but, owing to
loss of experienced staff, this was not possible. The need for programming
these machines in a high level language was obvious but the only available
language was Modula, which was not acceptable because the language and
compiler were not easy to learn and use. This led to the consideration of C
as an alternative language. It has proved well-suited to this purpose and has
been successfully used for the development of quite complicated control
programs.
To enable its use for small machir.es, a set of base routines for
controlling interrupts and initiating processes was written to enable all
hardware interfaces to be serviced using C language procedures. Routines for
handling common devices such as the terminal and clock were also written for
optional inclusion in the completed program. The present version of the C
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compiler also supports the floating point hardware available on the machines.
With UNIX, the development of the programs was made considerably easier
because all the routines could be tested before use on the target machine and
all the debugging tools available under UNIX could be utilised - even to the
point of simulating hardware interrupts. These features led to the
development of programs in much less time and with much less effort than would
have been necessary with the assembler.
An implementation of the C language for the 6502 and 8080 microprocessors
became available through the UNIX Users' Group and the 8080 version was
adapted to AAEC conventions. It was tested with several programs, but the
code produced did not appear to be very efficient and, in some cases, was
incorrect. The effort needed to correct its deficiencies was considered too
great and further work on it ceased. Investigations into the availability of
another C compiler are under way. Details of a Tiny C interpreter have been
obtained and the device will be tested in the naar future.
2.4 Computer Operating System Design and Optimisation
MVS external writer problem
[C.B. Mason, R.P. Backstrom]
An exit routine has been written for the transfer of plot and paper tape
output from OES2 to the PDP9/L computer. At each job change, the routine
should get control to prepare a job header (separator) for paper tape and
produce a backup of the output on magnetic tape. A design fault in MVS was
discovered that resulted in failure to pass control to the separator exit when
jobs of like name were encountered. A change to the external writer of MVS
(routine 1ASXSD82) forced a test on the unique job number and solved the
problem. This change has been taken by IBM for inclusion in future releases
of MVS.
Link (PDP9/L) response to MVS VARY commands
[C.B.Mason, R.P. Backstrom, D.J. Richardson]
The MVT operating system when issuing VARY commands to Dataway addresses
was satisfied with a unit check response to its rewind/unload operation.

However, the PDP9/L software had to be altered to respond with channel end,
device end and unit check to the MVS VARY command in order to avoid an
"intervention required" message loop.
PDP9/L link busy and unit record sense modification
[C.B. Mason]
These two modifications to the I/O supervisor of OS/MVT are vital to the
proper functioning of the PDP9/L and Dataway. Installation of the PRPQ version
of MVT release 21.8F altered the I/O supervisor in such a way that that
previous register usage was no longer valid. The 'busy mod' was one change
that was thought to be necessary i'i MVS. However, research in the equivalent
part of the MVS I/O supervisor (disabled interrupt exit) revealed difficulties
in achieving such a simplified modification. The problem was tackled from z
different direction by D.J. Richardson who designed a special link access
method (AELCOM), described elsewhere in this report.
Research into multiprocessor computing systems and
distributed software environments
[J.M. Tobias]
Research is being carried out on multiprocessor computing systems. With
the ever-increasing sophistication of hardware technology, it has become quite
feasible to purchase an entire computer module for less than a thousand
dollars. Further, the theoretical limit to the instruction execution speed in
each individual computer is fast being approached; consequently, one of the
most active areas of computer science research at present is the coupling of a
large number of cheap processing units to form a large system with superior
computing power.
The task of connecting these processors so that the maximum processing
benefit may be gained is non-trivial, from both the physical linking and
software viewpoints. Several schemes for process interconnection are being
studied and designed, and it is hoped to establish a multiprocessor computing
network based on the satellite PDP11/45 node under the UNIX operating system.
Such a system would have the following advantages:
Reliability

- several processors could fail with the other processor
taking over the work load.
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Increased Performance - this should increase linearly with the number of
active processors.
A multiprocessor interconnection provides not only a basis for a wealth
of research, but also probably the formation of an alternative path between
the central computer and the network, with the possible eventual phasing out
of the PDP9/L link computer.
A multiprocessor computing system has recently been established. The
hardware for this system consists of three Intel 8086 microprocessors, each
having 32K bytes of dual port semiconductor random access memory. One port of
each 32K byte memory bank is connected directly to the processor, and the
other to a shared bus. Each processor can, therefore, run programs and access
data independently, and also peek into specified areas of another processor's
memory. The Intel 8086 processor is a 16-bit machine, with an instruction
execution speed of 400 ns. Its memory addressing has been expanded to allow
each processor to have an address space of 1 megabyte.
The software being developed for this system is a variant of Modula, and
will allow the programmer to assign processes to processors. A cross-compiler
for Modula has now been made operational on the Intel computers. The
technique used was to take the PDP11/40 cross-compiler developed at the
University of York, and rewrite the code-dependent parts for the Intel 8086.
This compiler is being tested on the Intel 8086 computers, and preliminary
results are good.
The next stage in the development of the project is to start to utilise
some of the other processors in the system.
The Pascal project
[G.W. Cox, J.M. Tobias, R.J. Mclaughlin]
More than 190 Pascal systems have been distributed around the world.
Customers include academic, commercial, and government organisations.
Enquiries are received at an average rate of four per week, and 200 systems
will soon have been distributed.
The major effort in furthering the Pascal system has been the preparation
of version 2.0. To bring the Research Establishment compiler into line with
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recent standardisation efforts In which the AAEC has actively participated, a
number of language changes need to be made in areas such as type
compatibility, structured constants, and procedure parameters. It is hoped
that version 2.0 will accept a language that will remain stable for a long
time, and only extensions will be incorporated in future releases.
Changes that have been completed include the implementation of the
procedure 'dispose', a reorganisation of type-compatibility checking, and
restructuring of the for-statement.
Other areas that will be expanded with the release of version 2.0 are the
documentation (programmers' cards will be distributed), update formats and
provided utilities. It is also planned to discard the compile-and-go version
of the compiler, and distribute the linkage editor version in such a way that
the linkage editor step may be bypassed, if desired.
A pre-release version 2.0 is now operational on the IBM3031, and includes
the following features:
- Version 2.0 now supported under VM/CMS.
- The run-time system has been somewhat restructured (at Cornell
University) by H. Perkins, to make it more modular and stable. Comments
have now been added to the code.
- Changes have been made in the language accepted by the compiler for
compatibility with the ISO draft standard. The majority of these changes
have been made; however there are still a few modifications to be made
to the compiler.
- The compile-and-go system is no longer supported.
- All known bugs have been fixed.
A Pascal validation suite, consisting of over 200 programs, has been
obtained from the University of Tasmania and is being run against the new
compiler. The validation suite i> designed to indicate whether any Pascal
compiler conforms to the ISO draft standard, and every effort is being made to
ensure that Pascal 8000 is able to run all tests in the suite successfully.
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Document preparation under UNIX
[J.M. Tobias]
Preparation of the utilities to be accessed by the Editorial and
Publications Group on the SIS computer, is now under way. This includes the
installation of such programs as 'spell' (to find spelling mistakes in a
document) and 'typo' (to list typographical errors). Furthermore, several
sets of macros to facilitate the use of the sometimes cryptic 'nroff text
formatter are being investigated. The Editorial and Publications Group is
planning to purchase additional video display terminals, and ultimately a
phototypesetter.
A visit with members of the Editorial and Publications Group to the
University of New South Wales was undertaken to investigate the reliability
and mode of operation of various printing devices.
The programming language Modula
[J.M. Tobias, K.A. Raymond (Vacation student)]
Modula is a high level, block-structured language that allows the
programmer more freedom to access the underlying computer hardware including
machine interrupts in his/her program, and is thus well suited to a standalone environment.
A variant of Modula will be used as the processor manipulation language
in the multiprocessor project, and a compiler for the language was obtained
from the University of York to run under the UNIX operating system. This
compiler produces PDP11 stand-alone code; the compiler has been altered to
produce Intel 8086 symbolic code. As with the PDP11 code, the 8086 code is
optimised by a separate pass of the compiler, and is far more compact than the
intermediate M-code produced by pass 2 of the University of York compiler.
Symposium on language design and programming methodology
[J.M. Tobias]
More than 220 researchers in computing science came from all states of
Australia and from New Zealand to participate in the Symposium on Language
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Design and Programming Methodology, held on 10-11 September 1979 in the
Science Centre, Sydney. It was sponsored jointly by the Commission and the
University of NSW and was officially opened by the Commission's Chairman,
Professor D.W. George. Professor Niklaus Wirth from Zurich and Or Dennis
Ritchie from Bell Laboratories in the USA came to Australia as guests of the
symposium and presented papers. Fifteen other participants also presented
papers from previously submitted, carefully refereed manuscripts. A volume of
the proceedings was published under the direction of the Site Information
Services Department.
The symposium made a significant contribution to computer science
research in Australia. It included the presentation of work carried out by
the AAEC, and many Research Establishment computing staff were involved. The
symposium was organised almost exclusively by AM and C Division; many
participants stated it to be the best run and most technically sound symposium
in this field that has been held for some time.
The Commission gained considerably from the presence of the two eminent
speakers and, as a result of discussions with Professor Wirth, a new
collaborative project is being established that will involve both Professor
Wirth and AM and C staff in the implementation of a new programming language.
Both guests felt that the technical level of the papers presented at the
symposium matched that of any computing conference in the world. The
symposium not only brought the Commission extremely good publicity and much
respect in the computer science community, but also will greatly enrich its
own computer research through many new technical contacts.

3. POWER AND ENERGY PROJECTS
3.1 AUS Module POW3D

[J.M. Barry, J.P. Pollard, B.V. Harrington]
Work has continued on the three-dimensional diffusion theory 'workhorse1
POW3D. The module is based on a finite difference approximation to the group
diffusion equation in (x,y,z) geometry. For two- or one-dimensional studies,
other geometries are available as POW3D is eventually to replace the present
'workhorse'. Further testing of POW3D in steady state and search calculations
continues to show an improvement on POW for two-dimensional studies.
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Attention has been devoted to testing the incomplete Choleski
decomposition variant of the conjugate gradient method (ICCG) in the innermost
routines of POW3D. Previous experience with ICCG had been restricted to
generalised FORTRAN routines suitable for investigating two-dimensional
geometries. Separate algorithms were developed, implemented and tested for
the efficient solution of two- and three-dimensional geometries. The ICCG
method involves considerable overheads with data transfer, compared with the
two alternative methods offered by the code (SLOR - 'successive line overrelaxation and MINI - method of implicit non-stationary iteration).
Particular care was taken to ensure that the available core was used to its
full advantage. Preliminary testing indicated that fewer iterations are
required when ICCG is used; however, each iteration involves considerable
overheads and, at this stage, a definitive conclusion has not been reached.
Besides solving the spatial system of linear equations in an efficient
manner, MINI has great potential for accelerating convergence in an energy
group sense as is shown in the following table reproduced from Barry and
Pollard [1979] for an eight energy group solution for the AAEC research reactor
Moata. Energy group convergence can be accelerated only by the Gauss Seidel
(GS) or the MINI method.
Method
GS
GS
MINI
MINI

Group
Rebalance
OFF
ON
OFF
ON

No. of Inner
Iterations x lOOOTime (min)
138
101
44
40

1BM360/65

320.1
262.1
138.9
143.2

In this example, the usual advantage of the energy group rebalance
process is lost owing to the performance of MINI.
During this period, the problems of transforming POW3D from a static code
to one capable of tackling simple kinetic calculations were also considered.
To this end, it was decided that POW3D should first be mode capable of
handling any 'simple1 kinetic problem that can be solved with the POW code.
Similar kinetic routines have been introduced and tested on limited models.
More complicated cases are under investigation.
Convergence of the inner iterations in both POW and POW3D is hastened by
the use of region and group rebalance. Rebalance techniques are known to
reduce dramatically the amount of computer time used on a number of important
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problems. Initial rebalance techniques of POW3D are the same as those used in
ROW; that is, all groups are rebalanced by collapsing all regions to a point
and then carrying out a total group rebalance. When the spatial calculation
for each group is undertaken, a process of region rebalance is added, provided
that the relaxation factors for the method of successive line over-relaxation
(SLOR) have been determined (if SLOR is the chosen solution process).
A global scheme to allow the combined rebalance of regions and groups has
been implemented. This scheme is designed to function at the start of each
'outer' iteration. The resultant system of linear equations is solved by the
MINI process, which is also used to accelerate convergence in treating
'upscatter' source terms where its advantages over other schemes are most
notable. The scheme is under test and will probably be extended to solve the
'eigenvalue' problem as well. Extension to more exotic schemes of
rebalancing, including finite element methods, are under cons.ideration.
3.2 MINI and ICCG Computer Graphics
[J.H. Jenkinson (Vacation student), J.M. Barry, J.P.Pol lard]
The MINI method was 'discovered and refined' largely through the use of
interactive computer graphics techniques. To compare the potential of MINI
with ICCG, it was decided to rewrite the experimental graphics packages to
include the latter. It was observed that ICCG shares with MINI the property
of taking giant initial steps and is unlike SLOR. This has implications for
the code POW3D where the 'lethargic' nature of previous iterative schemes had
resulted in at least two iterations being required before convergence was
accepted. A short movie was made to indicate MINI and ICCG in action, and to
further test exposures on the computer-controlled movie camera. The finite
element idealisation of one-dimensional reactors was also investigated through
computer graphics techniques.
3.3 Neutron Spectrum Unfolding
[H.D. Ferguson]
When time permits, work is continuing on the development and running of
the program UNFOLDER which produces neutron spectrum information from neutron
activation detectors. This work is being done in conjunction with Physics
Division (Nuclear Data Group), Materials Division (Irradiation Research Group)
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and I and C Division (Radioisotopes Standards Group).

4. NUCLEAR FUEL CYCLE PROJECT
4.1 Compressible Flow in a Rotating Cylinder
[M.R. Davidson, E.K. Rose]
A finite difference method for the solution of general flow problems
described by Spalding is applied to the problem of gas flow in a rotating
cylinder with a temperature difference between the ends. A sample computer
program published by Spalding was heavily modified to suit the above problem.
Additional terms in the equations had to be added and special treatment of the
boundary conditions was necessary. The solution method uses a stream
function-vorticity formulation with energy equation and equation of state and
a solution is obtained by iteration using under-relaxation or at-best GaussSeidel methods.
The boundary conditions for the vorticity are very complicated and a
correct treatment is required before convergence is attained.
Moderate success has been achieved with the modified program now
converging for solid body rotation, and for slow rotation speeds with a
temperature difference. Further work is needed to achieve this convergence at
the high rotation speeds characteristic of centrifuge operation.

5. RESEARCH ESTABLISHMENT SITE MANAGEMENT

5.1 Computer Operation
Rates of charge for computer usage
[R.J. Mclaughlin]
The method of charging for computer usage, which had been in use since
1975, was reviewed in response to what was seen, to be a significant increase
in computing capacity over the last four years.

~1
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An investigation of the immediate costs related to the provision of
central computer services was undertaken; these costs were compared to the
rates currently being charged and a recommendation has been made for new rates
of charge. Further, the process of determining appropriate new rates was
formalised and, in future, it is hoped that rates may be automatically
adjusted on an annual basis.
A program has been written which will produce new rates according to the
changes in costs and in usage throughout the year.
Duty programmer service
[R.J. Mclaughlin]
During the period, the duty programmer service continued to assist users
with difficulties related to data management, program development, program
debugging, JCL and the use of terminals. Although R.J. Mclaughlin has
undertaken the majority of work in this area, all members of the Programming
Systems Group spend a portion of their time solving user problems; this is
useful in identifying system problems at an early stage.
Australasian SHARE/GUIDE ltd
[C.B. Mason]
As a result of a special meeting of the DOS/OS Users' Group held in
Canberra, August 1978, a steering committee under the chairmanship of C.B.
Mason met regularly to plan and organise the formation of an Australasian
affiliate to SHARE and GUIDE based in the USA. These large international
organisations represent many thousands of IBM computer installations in
discussion with IBM and provide a vast pool of expertise and experience to
members.
Subcommittees met on numerous occasions to finalise preparation of a
constitution for incorporation in New South Wales and to arrange and promote
the Inaugural Meeting held in Sydney on 8-10 July 1979.
Publicity for
Australasian SHARE/GUIDE (ASG) has been good and the AAEC's contribution has
been mentioned on numerous occasions.
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The last meeting of the DOS/OS Users' Group was held on 30 May 1979.
This group, the Australian IMS Users' Group, the IBM360/370 Users' Group and
the DOS/VS System Programmers' Group all disbanded individually to form the
national body. Members funds in the DOS/OS group, amounting to $1600, will be
transferred to ASG together with the funds from the other groups.
The inaugural meeting attracted 275 representatives from 105 IBM
installations in Australia and New Zealand. This Division was represented by
three full- and two part-time members. The meeting was a success both
technically and financially, producing an estimated surplus of $6000. This
will be used to establish an operating reserve of one year's costs. Mr Mason
was elected unopposed as President of ASG. SHARE and GUIDE were represented
at the meeting by their US ViCx President, Wayne Hathaway and Director of
Divisions, Tom O'Leary Jnr. respectively. IBM financed the visits of six
overseas speakers and provided many local IBM speakers for the technical
sessions. Working groups have been established in the areas of MVS, DOS/VSE,
CICS/VS, VM/370, package evaluation, systems development, performance
evaluation, IBM liaison, IMS data base/data communications and security.
From 2 October 1979, membership of ASG stood at 128 organisations
distributed as follows:
New South Wales - 65, Victoria - 41, Western Australia - 7,
New Zealand - 5, Australian Capital Territory - 5, South
Australia - 4, Queensland - 1.
Plans are in hand for ASG to fund an overseas visit by Mr Mason to attend the
GUIDE Anniversary meeting at Anaheim, California on 4-9 November and the SHARE
Interim Meeting at Louisville, Kentucky on 11-14 November 1979.
The formation of Australasian SHARE/GUIDE marks a significant improvement
in support for IBM users in this region and will bring considerable benefit
and prestige to the Commission.

Computer Usage
IBM central computer usage is given in the table below. The average
monthly computer usage was 324 hours (meter time) compared to 405 hours for
the previous period. The average job processing time was 0.92 minutes
compared with 1.16 minutes for the previous period.
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The significant proportions of the computer usage by Divisions are:
User
Physics
AM and C
Engineering Research
Centrifuge Enrichment Project
Administration
Others (i.e. each less than 5 per cent)

Percentage
36.3
25.2
12.8
7.0
6.2
12.5

The ratio of CPU time and meter time is a measure of CPU utilisation;
that is, the percentage of the system active time in which I/O activity is
overlapped with CPU processing. The present ratio of 52 per cent is to be
compared with 49 per cent for the previous period.
5.2 Development of System Software
Preparations for the installation of the IBM3031 central computer and the
subsequent conversion to MVS have made this an extremely busy and interesting
period. The aim was to prepare a suitable MVT/HASP system for the IBM3031
computer that would take over the site computing load (from the 360/65) as
soon as possible after acceptance of the new computer, the limit of overlap
being one month. Acceptance tests were completed on 18 December 1978, and the
new operating system was available for production three days later. Hardware
problems in the ITEL 3330 disk controllers restricted IBM3031 access to half
of the 3330 packs preventing a full change-over before Christmas 1978.
Instead, the change-over was deferred until 2nd January 1979, when all user
datasets had been copied to the new 3350 disk drives. Within a week, all
system datasets and HASP had been transferred to 3350 drives, and the majority
of problems overcome so that users could enjoy trouble-free running on the new
computer well before the 360/65 was removed.
Strategy for conversion to MVS was based on the alternating use of the
new and old systems at pre-defined time slots each day, and was designed to
minimise impact on users while giving developers a chance to work with MVS
until such time as a complete change-over to MVS was possible. As the date of
this final change-over was difficult to predict, much work went into
maintaining user compatibility across the mixed MVT/MVS environment and
ensuring that the old MVT system kept pace with hardware developments and
operated efficiently as the main production system.
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Generation and maintenance of tha MVT/HASP
operating system
The period leading to installation of the IBM3031 saw the generation of s
number of different versions of IBM's MVT systen. The different steps in this
process were necessary to bring both the hardware and the operating system to
a level that was acceptable to the IBM PRPQ software modification (for IBM3031
and 3350 hardware support).
Disk/PDP9L link channel swap
[C.B. Mason]
IBM advised that the PDP9L link would be best attached to channel 1 of
the IBM3031 computer to ensure immediate handling of interrupts. Channel 1 on
thp 360/65 computer was used for disks, and channel 2 for the link. It was
decided to swap these two channels on the 360/65 so that any channel
dependencies would be detected well before installation of the IBM3031. This
necessitated a regeneration of the MVT operating system to reflect the revised
hardware configuration. The regeneration was smooth, but brought to light
device address dependencies in portions of the HASP system software and in the
routines used to transmit remote computer programs across the link. No
further problems were encountered when the link was finally attached to
channel 1 of the IBM3031 computer.
Generation of MVT release 21.8F
[H.D. Ferguson, C.B. Mason]
This release of MVT is the final version of that operating systan
distributed by IBM and the version necessary to support the IBM PRPQ
modifications for the new hardware.
In addition, IBM distributed a
consolidated set of machine-readable source codes for 21.8F that enabled us to
re-apply more easily the many local modifications included in our system. The
new version of the system was generated in sufficient time to give operating
experience before the PRPQ code was needed, and served to consolidate and
clarify local modifications.
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Implementation of PRPQs
[H.D. Ferguson]
PRPQ codes are IBM-supplied modifications to provide special purpose
enhancements to existing operating systems. Two PRPQs were applied to the MVT
release 21.8F central computer operating system. One enables it to run on the
IBM3031 computer (without taking advantage of such advanced hardware features
as dynamic address translation). The other provides software support for the
new model 3350 disk drives. Both implementations were successful and the
resulting system (with only minor changes) is now serving as a stop-gap
solution. This has enabled the Division to provide continuity of central
computing services until the full implementation of the ultimate MVS system is
completed later in the year.
Reconfiguration of MVT/PRPQ system
[H.D. Ferguson]
The system described above was designed to recognise a mixture of devices
connected to both the IBM3031 and the 360/65 computers during the one month
overlap. With the removal of the 360/65 and its 3330 disks, the field upgrade
of the tape drives from model 3s to 8s and the installation of an additional
pair of disk-drives, it became necessary to make minor alterations to the
operating system. At the same time, alterations were made to prepare the way
for an enhanced version of HASP (the input/output spooling system). These
changes will soon benefit users of interactive computing facilities by
considerably improving accessibility to the central computer.
Elimination of TSO support from HASP
[R.P. Backstrom, C.B. Mason]
The time-sharing option (TSO) was included in release 21.80 of MVT at the
beginning of 1978 and modifications to support Dataway use of TSO were added
to HASP at that time. TSO was removed when release 21.8F was implemented for
the new hardware, but the HASP modifications were still present and this
caused problems when the old 3330 cn'sk drives were accessed on channel 5 in
the overlap period. Critical portions of these modifications have now been
removed.
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FORTRAN direct access file support on 3350s
[R.P. Backstrom, H.D. Ferguson, P.L. Sanger]
Some FORTRAN programs using the DEFINE FILE feature on temporary direct
access datasets would not work on 3350 disk drives. The fault was traced to
code in the old release 20.1 version of the FORTRAN libraries. Users were
advised to make use of the later release 21.3D compilers, although these have
known faults in optimisation. This situation is quite unsatisfactory and the
lease of the IBM supported FORTRAN H EXTENDED compiler and libraries will need
to be considered.
PL/KF) compiler from DRCS
[A.J. Martin - on detachment from IBM]
The locally used, and now unsupported PL/1(F) compiler would not operate
successfully on th<* IBM3031 computer. Another version of this compiler was
obtained from the Defence Research Centre, South Australia (formerly the
Weapons Research Establishment) and implemented under MVT.
SORT/MERGE program on 3350 disks
[J.W. Wickes - systems engineer on detachment from IBM]
The earlier, but now unsupported, SORT/MERGE package from IBM would not
operate on the new 3350 disk drives. It is an essential part of the Automatic
Data Processing (APD) Department's administrative system, e.g. payroll
programs, and therefore was replaced with the IBM SORT/MERGE program. This
new SORT/MERGE system has been tailored to run under either MVT or MVS.
MVT/PRPQ failure to support dump datasets
[H.D. Ferguson]
IBM modifications to support 3350 disk drives do not support the DUMP
facility of MVT. Changes were made to MVT to bypass this problem and to
correct a device-dependent fault in the dump printing utility, IMPRDMP.
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Consolidation and regeneration of HASP
[C.B. Mason, H.D. Ferguson]
For many years, the first regeneration of the MVT I/O spooling and
scheduling system HASP has served two purposes:
(a) Substantial improvement of the performance of the HASP system by the
choice of parameters appropriate to current hardv/are which is vastly
different to that for which the last generation was performed. For
example, parameters chosen for spool dataset format were originally
designed for 2314 disk drives, even though these were replaced with
3330 drives some years ago and have since been replaced by 3350 disk
drives on the IBM3031 computer.
(b) Unification of the extensive modifications that have Been made by
this installation to the IBM HASP system, many of which were
originally implemented in tanporary fashion only.
This
consolidation of HASP modifications was used to determine the extent
of the MVS conversion task facing the Division.
5.2.1

MVT to MVS operating system conversion tasks

The OS/VS2 operating system, or MVS as it is commonly known, was
designed to maintain outward compatibility with its predecessor, MVT/HASP.
However, the internal structure of MVS is completely different and is designed
to operate much more efficiently. The specialised nature of the AAEC central
computer led to extensive modifications to MVT/HASP; these changes rely on
detailed knowledge of the internal structures of the system and are no longer
compatible with MVS. A prime consideration in the conversion is that MVS must
be implemented using standard features of the system without recourse to
modifications. This has increased the difficulty of the task but should
guarantee future compatibility across operating system changes. Successful
running of a batch jobstream (a 'typical' work load) under MVS on the IBM3031
was a basic part of the computer's acceptance tests.
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MVS IPO 4.0 generation at Rosebery
[C.B. Mason, J.W. Wickes* (*on detachment from IBM)]
To prepare for the above acceptance tests, an MVS system had to be
generated and tested well before installation of the IBM3031. This was not
possible on the IBM360/65, so the IBM computing centre at Rosebery was used
after hours. The version of MVS selected was release 3.7H, and distributed in
a pre-installed manner by the IBM installation productivity «ption (IPO) at
level 4.0. After successful generation, the system was copied to magnetic
tape for transport to the Research Establishment where it was put back on disk
for testing, aftar installation of the IBM3031. The jobstream acceptance
tests of MVS IPO level 4.0 on the IBM3031 performed within limits in 58 per
cent of the time needed under MVT on the 360/65.
Generation of an MVS IPO level 5.0 system
[H.D. Ferguson, C.B. Mason]
After installation and acceptance testing of the IBM3031 computer and
removal of the old computer hardware, it was necessary to tailor the original
MVS IPO level 4.0 system to the final hardware configuration. A later release
of MVS (level 3.71) was distributed by IBM as IPO level 5.0; this was used to
create a new test MVS system on which to base future conversion work. This
system is concentrated on one disk pack (label AAE001) for ease of use with
the one-pack MVT production system (label AEC001). Both systems share a
common spool pack for their job entry systems, JES2 and HASP.
Microfiche library
[C.B. Mason]
Unlike the old MVT systems, MVS source is normally distributed by IBM on
microfiche. In addition, maintenance updates (PTFs) are distributed in both
tape and microfiche form. It was therefore necessary to order, bring up-todate and file MVS microfiche in a way that would make it easily and quickly
accessible.
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Commissioning the system modification program
[H.D. Ferguson]
This IBM program has been successfully introduced to the central computer
operating system. It is used to apply IBM modifications to the operating
system and, under the future MVS operating system, it will also be used to
apply local modifications. In the past, it has been optional under MVT but
will be mandatory under MVS. SMP has already been successfully used to
implement the PRPQs described above. H.D. Ferguson attended a one-day IBM
course on the implementation and use of version 4.0 of SMP.
MVS catalogue preparation
[R.P. Backstrom]
To allow access to user datasets under both MVT and MVS, the MVS
catalogue has been set up to refer to the MVT catalogue for each user-defined
first level dataset name index. This means that dataset movements need only
be recorded in the MVT catalogue. A program was therefore written to scan the
MVT catalogue and to produce the necessary connection requests which v/ere then
read by the MVS catalogue management program, IDCAMS.
Job validation exit for MVS
[R.P. Backstrom]
A comprehensive job validation exit routine for MVS (IEFUJV) has been
written which will check the jobcards of submitted jobs. By performing the
validation in this exit routine, no source modifications need be made to the
MVS reader code; thus the installation of later releases of MVS is much more
straightforward. The design specifications of this exit were finalised only
after extensive research and discussion by members of the Programming Systems
Group.
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TSO logon and submit exits
[H.D.

Ferguson]

The time-sharing option (TSO) of MVS uses a dataset containing user
profiles and account information to verify the authenticity of a new TSO user.
This dataset would normally be open to public scrutiny thus defeating the
purpose of the TSO integrity checks. Local exits have been designed and
partly written to prompt the user for his/her account number identification
(in a non-display mode) and check this with the AAEC's validation routines.
Dataset usage statistics
[R.J. Mclaughlin]
Under OS/MVT, a parallel catalogue is updated with date and frequency of
dataset use by modifications to the catalogue lookup SVC. The statistics
gathered are used weekly to determine the possible need for dataset archival.
Similar statistics are needed in MVS, but preferably without having to modify
MVS.
The original approach to this problem using the standard SMF exit
'IEFU831 to gather the statistics of dataset usage has proved unsatisfactory
as SMF exits are limited in their I/O capabilities. A new approach has now
been adopted which involves gathering the statistics when the SMF dump
datasets are copied to tape (approximately once per day).
'IEFU83' is still used to filter SMF records; however, a new SMF dump
program had to be written to include parallel catalogue update and the
automatic tape switching described below. This program replaces the system
module IFASMFDP.
JES2 parameter selection
[R.P. Backstrom, C.B. Mason, H.D. Ferguson, J.W. Wickes* (*on
detachment from IBM)]
The selection of parameters for JES2 (job entry subsystem, the successor
to HASP) has been made. They include the job class and initiator structure,
the print destination descriptions (PHYS, MD, etc.), as well as other remote
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station identifiers which are intended ti/ allow the implementation of an
'internal console1 as provided under MVT by the link task $ D.
Generation of an MVS IPO level 6.0 system
[H.D. Ferguson, J.W. Wickes* (*on detachment from IBM)]
As a pre-requisite to the installation of the advance communications
facility (ACF/VTAM), MVS had to be brought up to release 3.8A level. This was
distributed by IBM as an IPO level 6.0 system. It has been successfully
generated and implemented and, in the process, has given an MVS system that is
more efficiently structured from a maintenance point of view.
Installation of ACF/VTAM
[H.D. Ferguson, J.W. Wickes* (*on detachment from IBM)]
ACF/VTAM is operational within the AAEC system but the specialised
application programs that will interface ACF/VTAM to the site network have yet
to be completed. These programs enable standard IBM systems like JES2 and TSO
to communicate transparently to non-standard Dataway devices and yet maintain
a completely standard system. ACF/VTAM has yet to be finally 'accepted' into
the system by SMP (systems modification program).
Automatic dumping of SMF to tape
[R.J. Mclaughlin]
An SMF exit 'IEFU291 was written to start dumping SMF data automatically
from disk to tape whenever one of the SMF dump datasets on disk became full.
In conjunction with this, module IFASMFDP was rewritten to enable automatic
selection of the 'current1 dump tape for mounting, regardless of the date and
circumstances.
Support for card reader and punch
[H.D. Ferguson]
In anticipation of the replacement of the existing card reader and punch
with MVS compatible models, a new I/O generation for both MVT and MVS is in
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progress.
5.2.2

Associated software conversion for MVS

Many system-related user programs developed at the AAEC depend on the
internals of OS/MVT. Just as locally developed facilities within the
operating system have to be converted in a standard manner, so these user
programs require conversion for MVS.
PDP9L program loader
[C.B. Mason]
PDP9L computer programs are saved in load module format on the IBM3350
disk drives. Each module contains a routine (PDP90XCT) that performs the
initial write of the program to the PDP9L memory. This may be initiated
asynchronously by the PDP9L, or by a batch job under MVT or MVS. In MVT, the
routine built its input-output blocks using a 'dd-less1 I/O concept in
supervisor state before using an EXCP to perform the write. This has been
changed for MVS to use the AEOPEN and AEDEBK SVC routines to build control
blocks in a standard manner.
Link task conversions
[R.P. Backstrom]
Many link task programs which accessed datasets on the former 3330
compatible disk drives of the central computer have been modified to access
the new 3350 disks. They had inbuilt knowledge of numbers of records per
track and tracks per cylinder. This has been replaced by device-independent
code to request the information from the operating system.
A start has been made on the conversion of link tasks (such as $LOGON,
$LISTDS. etc.) for use under MVS. Advantage is taken of newer facilities of
MVS such as the ability to allocate dynamically and free datasets and
resources, such as the internal reader which is used by LOGON for the
submission of jobs.

29

ISO WATFIV
[S.C. Wong]
A ISO version of the WATFIV FORTRAN compiler has been generated for use
on the IBM3031 computer operated under MVS. It includes the VMDEBUG module
which provides interactive debugging facilities at execution-time under ISO.
Essentially, ISO WATFIV introduces the capability of monitoring the
execution of a WATFIV program interactively, from a terminal through TSO. No
additions or changes to a user's program are required. The command set is
fairly small and simple, yet it provides the user with some very useful
debugging aids. It enables the user to trace portions of his/her program,
halt execution at various points, display or modify program variables, alter
the logic flow of the program and correct Certain execution time errors
interactively.
Conversion of FORTRAN subroutine?
A number of assembler subroutines in general use at the Research
Establishment rely on detailed knowledge of the internals of OS/MVT to give
users access to system information. For example, subroutine TLEFT provides a
user with the CPU time left before he/she will be automatically cancelled.
This is useful when taking checkpoints of a processing complex, since the
problem may be restarted at a later date. These subroutines reside in dataset
AAE.FORTLIB and each was converted to be compatible with either MVT or MVS:
(a) TLEFT, ITT60 and FTT60 (S.C. Wong)
(b) 6PACCT - Plot/Paper tape reader (C.B. Mason)
(c) HASPNO - HASP or JES job number (R.P. Backstrom)
(d) VARRAY - dynamic array space allocation (H.D. Ferguson)
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PROGORG conversion
[H.D. Ferguson]
A user-oriented program development aid, PROGORG that gives source and
object library management facilities to the user is being converted for
compatibility with MVS/JES2.
5.2.3

Other software development
Comprehensive data-file comparator
[H.D. Ferguson]

Most existing programs compare two data-files by testing them for
complete equality, and indicate only the presence of mismatch without
attempting to analyse the degree to which the files differ. A program has
been written (and is still undergoing development) that will give central
computer users a fully comprehensive description of the way in which two files
differ. This has already proved valuable in aspects of the SYSGEN processes
described above and, with the eventual implementation of several specific
enhancements, should provide a most useful data-management aid.
Editor for IEBCOPY printout
[H.D. Ferguson]
The standard IBM utility program IEBCOPY can produce voluminous and
largely unwanted output. A simple program has been written that removes
unnecessary output and preserves, in highly compacted form, only those data
which are useful. This will render the output from this highly used utility
program far more manageable.
ICES - PROJECT I system
[C.B. Mason, M.R. Davidson]
Errors reported in a Divisional technical note (AMC/TN16) in this project
management system have now been rectified. HIFAR Operations Section is using
the package to schedule the next reactor shutdown program. A lecture was
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arranged describing the latest IBM project management system, PROJACS.
Modification to $ LOGON
[R.P. Backstrom]
A fast delete feature for $LOGON has been implemented which allows users
to delete several members at once (with verification for each). For example,
the command: de USRA* will present each LOGON member starting with USRA for
deletion. A reply, 'Y' for yes will delete it, and a carriage return will
skip to the next request; any other reply will exit from the delete command.
It had been found to be tedious typing in the full names of a long list of
jobnames to be deleted, thus giving users no incentive to tidy up unwanted
LOGON members.
KHIC index
[S.C. Wong]
A program has been developed to produce a KWIC index of selected subsets
of LH files and this has also been used for the Division's IBM reference
library.
Implementation of MAILER
[S.C. Wong]
MAILER is a mailing list management and production system developed by
the Sydney University Computing Centre to run under its CYBER computer systan.
A local version of MAILER has been implemented on the central IBM3031
computer.
Safety Section - incident/accident report system
[S.C. Wong]
An information system has been designed to create and maintain the Safety
Department's incident/accident reports on computer files. An on-line program
has been developed to enter incident/accident reports from a terminal.
Another program has been developed to print reports from the master file. The
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file system has been designed to be compatible with the EASYTRIEVE information
retrieval and data management system and accordingly an EASYTRIEVE field
definitions profile has been constructed.
Maintenance and development of SMF accounting

programs and the production of reports
[R.J. Mclaughlin]
The production of reports and the maintenance of the SMF accounting and
system monitoring programs represents a continuing and significant effort over
each period. This also applies to the collation and distribution of reports
to Research Establishment users.
Modifications were required to the suite of programs as a result of a
decision to avoid the use of encrypted account'numbers in the records written
by SMF. Information derived from account numbers is now obtained through the
user's initials. Further modifications have been made to the format of the
Site usage report and a copy of the report was produced specifically for
Engineering Research Division. Changes to the structure and content of the
production jobstream during this period revealed certain deficiencies in the
summary program which have now been rectified. Changes in the Research
Establishment's infrastructure and the distribution of staff need to be
constantly monitored so that the accuracy and usefulness of the reports is
maintained.
Recall to duty - visits to Harwell and Culham
[C.B. Mason]
As part of recall to duty from leave in Europe, Mr Mason had discussions
with Mr R.C.F. McLatchie, head of the Computer Systems Support Group in the
Computer Science and Systems Division of UKAERE Harwell. Topics covered the
introduction of MVS, Harwell's experience with MVS, operating system security,
JES2 experience, research computing projects for industry, MVS/SE performance,
FORTRAN H Extended experience an^ computer typesetting. Mr McLatchie is also
immediate past president of SEAS (SHARE European Association) and the
opportunity was taken to discuss implications of the formation of Australasian
SHARE/GUIDE.
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While at Harwell, Mr Mason also had discussions with Dr A. Langsford,
head of the Computer Networks Group on details of network development in the
UK. Dr Langsford is chairman of the ISO/TC97/SC16/Working Group 2 on network
protocols and has produced a discussion report on the management of
distributed applications.
Discussions were also held with Mr D. Fox of the Culham Laboratories on
the progress of a generalised command language (GCL) project. Mr Mason took
part in this project during his 1973/74 overseas posting, and the experience
gained in the use of this system is relevant to any future plan to provide a
network command language at the AAEC.
Modula used for GT44 software
[G.W. Ready, A.D. Richardson (Vacation student)]
With the availability of Modula running under the UNIX operating system,
a decision was made to rewrite the GT44 controlling programs in this language.
Support was provided for the terminal, display screen, hardware window and
Dataway. However the restrictions imposed by the present version of Modula
made the implementation difficult and in some cases more complicated than
should be necessary in a high level language.
UNIX software
[G.W. Peady]
The plotting presently performed by the PDP9L can now be done under UNIX.
The controlling program reads data for the plots from the Dataway and converts
it into a suitable form for the Calcomp plotter. It cannot, however, be fully
implemented until the Dataway driver is rewritten.
The submission of jobs to the central computer from UNIX is now possible.
The controlling program constructs a job card and formats the input in card
images for reading by a HASP reader via the Dataway.
Consulting services and support
- A Pascal course was given to members of the Research Establishment and
vacation students.
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- Assistance was given to Research Establishment staff in the use of RT11,
UNIX, FORTRAN, C, PASCAL and BASIC.
- Continued support was provided for the CEPD batch station.
- A talk on the AAEC's involvement in Pascal was given by G.W. Cox and J.M.
Tobias to the Basser Computer Society.
- An invitation has been accepted by J.M. Tobias to present a seminar at
the University of Melbourne on the multiprocessor project.
- Liaison is continuing with the University of New South Wales, Department
of Computer Science and Mr Ian Johnston of the Australian Graduate School
of Management.
- Several reports and an I REE Journal on Control Systems were refereed by
J.M. Tobias.
- Several people were assisted with the transfer of data from 800 bpi tapes
to the IBM3031. This usually involved reading the tapes on the SIS
computer and then transferring the data over the Dataway.
- Assistance was given in the transfer of data from tapes written in CYBER
display code to the IBM3031. The task was further complicated by the
fact that the files had been prepared with a CYBER-specific copying
utility.
- Assistance was provided in solving hardware problems on the Dataway
through the use of diagnostic programs.
5.3 Computer Hardware
Installation of the IBM3031 computer
The IBM3031 computer equipment was delivered on 6 December 1978 and
installed in its temporary location. Before its delivery, temporary air
conditioning and power outlets were installed to cope with the overlap period
when both the existing IBM360/65 computer and the new IBM3031 computer system
were located in the main computer room.
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Parts 2(a) and 2(b) of the acceptance tests were completed successfully
at the first attempt on 18 December 1978. The AAEC IBM3031 jobstream time of
43 m 52 s (run on 18 December 1978) compared favourably with a similar run at
South British United (SBU) of 42 m 10 s and it was 58 per cent of the AAEC
IBM360/65 jobstream time of 75 m 37 s.
The IBM360/65 computer equipment was removed on 25 January 1979; this
allowed the IBM3031 computer equipment to be moved to its final location
(IBM3031 CPU and console on 26 January 1979, and IBM3830 disk control units
and three IBM3350 disk storage modules on 2 February 1979).
The existing magnetic tape equipment was field upgraded, beginning 26
January 1979 and concluding with acceptance tests on 26 February 1979.
The fourth IBM3350 disk storage module was delivered on 12 February 1979
and was accepted on 27 February 1979.
Assessment of equipment for administration node
[P.L. Sanger]
In conjunction with Mr R. Cubbin, assessment studies were made of
computing equipment to be used by the ADP Department. Recommendations have
been made that an IBM8130 computer system and IBM3704 communication system be
leased from IBM Australia Pty Ltd and form the basis for the administration
node of the AAEC computer network.
5.4 Site Information Services Support
Development of SIS information retrieval systems
[S.C. Wong]
A study was made of the information system designed by the Children's
Museum, Boston, Massachusetts, as a possible general-purpose information
storage and retrieval system for the SIS computer system. The UNIX edition of
the information system was implemented. A number of local modifications had
been made to the system to allow it to accept and process qualified
descriptors. A database using data from INIS output tapes was generated under
the system.
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An on-line information retrieval system for commercially relevant nuclear
abstracts is currently being implemented on the SIS computer system. The
retrieval system is designed according to specifications drawn up by J.M.
Tobias. A substantial part of the system has been developed and implemented.
Work is in progress towards a full implementation of the system.
INIS information retrieval management system - IRMS
[S.C. Wong]
The INIS IRMS system software and database have been modified to meet the
requirements of the new IBM3031 computer and its IBM3350 disk drives which
have a larger track length than the previous IBM3330-ccnpatible drives.

A new command, SELECT, has been added to the INIS IRMS search program.
It allows a user to select dynamically at run-time the data base he/she wishes
to interrogate from a predefined set of on-line data bases. The command is
executed in-line and different databases can be searched using the same query
profile within the one interactive search session.
INIS conference listing programs
[S.C. Wong]
The programs that select and print monthly INIS conference listings have
been modified so that they are processed more accurately and the dates of
conference collated.
5.5 Site Information Services Computer System
[J.M. Tobias]
A number of significant developments have occurred in the SIS computer
system. Probably the most significant has been the increased use of the
system by the Editorial and Publications Group in the preparation of reports.
Several new pieces of hardware have been attached to the SIS computer.
These include four visual display terminals, an extra 64K bytes of semiconductor memory, a QUME high quality printer, and an eight-line DZ11 terminal
interface. The QUME printer provides for typewriter quality output, and is
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being used by the Editorial and Publications Group for the production of all
nav reports and the preparation of AAEC Nuclear News. Althouph the QUME
provides an enormous improvement over the old magnetic card system, it is
still severely limited by allowing only one font at a time to be accessible
on-line. This problem could be alleviated by installing either a twin-headed
QUME, or, for the highest print quality and greatest flexibility, a
phototypesetter.
The OZ11 communications interface is now fully committed, with all of its
eight ports in use. Not only are terminals connected to the DZ11 but a SMUT
box and a dial-out modem are attached as well. By attaching these devices to
a computer rather than simply to a terminal, records of overseas database
searches can be recorded on the minicomputer for later reference.
To cope with the new pieces of equipment, a complete system generation
was needed. At this time, enhancements were also made to the terminal drivers,
and the full screen display editor jded was made operational. The extra memory
provides a new 'lease of life' for the computer, as it alleviates the severe
swapping problems that had previously occurred. The memory on the system now
takes the computer to its full capacity.
5.6 Site Health Survey
[E.K. Rose, M.R. Davidson]
Additional medical data (on data sheets) recently supplied to AM and C
have been incorporated on the master tapes for use in subsequent analyses and
specific requests for such analyses, in relation to the second Health Survey
Report. To speed fulfilment of such requests, E.K. Rose has written a
generalised computer program to perform cross-tabulations of any pair of
survey variables which are named in the input to the program. Rigorous
testing of the program against existing special-purpose programs has been
carried out where possible.
5.7 Head Office Support
AAEC fuel market studies programs
[S.C. Wong]
Two programs have been developed to produce listings of details of
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uranium/enrichment commitment contracts.
Financial planning programs
[S.C. Wong]
A package of financial planning programs based on various company models,
pricing options and royalties schemes has been developed for use by the
Special Studies Unit, Mascot Office.

6. CONFERENCES. COURSES AND MEETINGS

Mr J.M. Tobias attended a conference on -Computer Science held at the
University of Tasmania during February 1979. A paper was presented on
proposed work on multiprocessors.
Or D.J. Richardson, Or G.W. Cox, Mr C.B. Mason and Mr R.P. Backstrom
attended a ten-day 'MVS Structure and Supervisor Services Workshop1 at the IBM
Centre, Sydney, from 2-13 October 1978.
Or P.L. Sanger, Mr H.D. Ferguson, Mr R.J. Mclaughlin and Mr T.G. Gollan
attended a four-day 'MVS Structure and Design Course1 at the IBM Centre,
Sydney from 30 October to 2 November 1978.
Mr R.P. Backstrom attended a five-day 'MVS Installation and Maintenance
Course' at the IBM Centre, Sydney from 20-24 November 1978, and Mr H.D.
Ferguson attended the same course from 21-25 May 1979.
Mr H.D. Ferguson attended a one-day 'Implementation and Use of Version 4
of SMP Course1 at the IBM Centre, Sydney.
Mr C.B. Mason chaired two meetings of the Australasian SHARE/GUIDE
Steering Committee in Melbourne on 15 February and 8 July 1979. The first
visit was preceded by attendance at a meeting of the Australian IMS Users'
Group on 14 February.
Dr D.J. Richardson, Dr P.L. Sanger and Mr C.B. Mason attended the threeday inaugural meeting of Australasian SHARE/GUIDE Ltd at the Hyatt Kingsgate
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Hotel, Sydney, 8-10 July 1979.
attended one day of the meeting.

Mr R.P.

Backstrom and Mr H.D.

Ferguson

Mr C.B. Mason was recalled to duty on 26 July 1979, to visit the UKAEA
Research Establishment, Harwell. This visit was followed on 27 July by a
visit to the UKAEA's Culham Laboratories.

7. PUBLICATIONS

Anderson, A.P,, Cusack, A.D., Pollard, J.P., Whelan, A.E., [1978] - MATIM
computer assisted high school and college timetabling preparation.
Alexander Mackie College report, November. (Timetabling notes).
Barry, J.M., Pollard, J.P. - Application of the method of implicit nonstationary Iteration (MINI) to 3D neutron diffusion problems.
Annals of Nuclear Energy, (in press).
Peady, G.W. - A Stand-alone C.
Christchurch, N.Z.

Proc. of 1979

DECUS Australia Symp.

Peady, G.W. - Description and use of a Unibus window.
Australia Symp., Christchurch, N.Z.

Proc. of 1979 DECUS

Pollard, J.P. (ed.) - Simulation In science with mathematics and computers.
AAEC/S20, December 1978 (Summer School notes).
Pollard, J.P. - A testimony to a micro - Peter can now read.
Microcomputer Journal, November/December 1978, pp.12-20.
Pollard, J.P. - A testimony to a micro - Peter can now read.
Computing, May/June 1979, pp.8-12.

COM3

Recreational

Tobias, J.M. (ed.) - Language design and programming methodology. Proc. of
Symp., Sydney, sponsored by AAEC and UNSW, 10-11 September 1979.
Tobias, J. - A malleable multiprocessor. Second Australian Computer Science
Conf., Tasmania, February 1979, pp.1-12.
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Tobias, 0. - Multiprocessor abstract. Newsletter of the ACM Special Interest
Group on Computer Architecture (in press).
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1. INTRODUCTION

Research in Chemical Technology Division principally covered uranium
mining and milling (including waste treatment) and conversion to uranium
hexafluoride (UFg) in Chemical Engineering Section, uranium enrichment by
laser photochemical methods in Physical Chemistry and Chemical Physics
Sections (described elsewhere - see also Appendix I) and analytical chemistry
in Analytical Chemistry Section. (The organisation of the Division is shown
in Appendix II.) Other research topics included leach testing of simulated
high level waste forms (Synroc and glasses) and supporting chemistry studies
related to uranium processing and enrichment. ' A substantial effort was also
devoted to the provision of chemical analysis and other services for both
research projects and operational aspects of the Research Establishment. Some
of the highlights of the past year are summarised below.
Peroxygen compounds, hydrogen peroxide and Caro's acid (HgSOg) were shown
to be equally as effective as pyrolusite, used conventionally as an oxidant in
acid leaching of uranium ores. On a weight basis, smaller quantities were
required and sulphuric acid requirements were reduced by approximately 20 per
cent for the same efficiency of uranium extraction. On the basis of this
work, Laporte/Interox Australia has agreed to sponsor this program for six
months for an amount of $5000.
A tentative flowsheet was developed for the extraction of approximately
90 per cent of the radium from uranium mill tailings using 3 M NaCl solution.
This process may enable a reduction 1n the level of containment required for
tailings disposal. The effect of moisture content and particle size on radon
emanation from Australian ores was determined and this work is now being
extended to the measurement of radon exhalation from columns of tailings
simulating tailings piles.
Development of the catalysed Fluorox process was terminated in January
1979 when it became apparent that two problems, catalyst poisoning and the
formation of intermediate fluorides, encountered in the pilot plant made the
process unattractive compared with conventional direct fluorination of UF..
Slight modifications were made to the pilot plant so that UFg could be
produced by the latter process and some initial experiments were carried out.

A collaborative program between Chemical Technology and Materials
Divisions was initiated during the year as part of a joint AAEC-Australian
National University project to develop Synroc as an improved high level
radioactive waste form. Leach testing of Synroc (and borosilicate glasses)
under a variety of conditions will be carried out in Chemical Technology
Division.
Crystal structures were determined for a wide variety of uranium and
molybdenum compounds including organic uranium coordination compounds, halides
and the uranium mineral, curite.
A wide range of analytical chemistry research was undertaken to develop
new and improved methods in the fields of radiochemistry, spectrometry and
electroanalytical chemistry. Equipment and facilities for neutron activation
analysis (NAA) are being continually upgraded and the fast access neutron
activation laboratory (FANAL) was completed during this year. Most NAA
research has been concerned with the determination of heavy metals such as
mercury, selenium, tungsten and rare earths in samples ranging from shark
flesh to coal and mineralogical specimens.
The computer-controlled electrical detection system for the spark source
mass spectrometer was completed.
Atomic absorption spectrometry
(AAS)
procedures were developed for the determination of thallium in hair and
mercury in blood. A scheme for speciation of chromium in natural waters was
also devised involving selective electrodeposition of Cr(VI) and Cr(III)
followed by AAS determination.
Environmental chemistry studies of trace metals in interstitial waters
and the effects of adsorption on the determination of trace metals extracted
from sediments and soils were also carried out. A standard procedure was
developed which enables small laboratories to obtain reliable and precise
results for the determination of uranium in natural and waste waters without
the need for great attention to detail and unusual reagents.
The dissociation of disulphide bonds in proteins by dilute alkali was
studied using cathodic stripping voltammetric techniques as a basic
contribution to protein chemistry which is related in turn to radiation
chemistry, cancer and aging.

A total of 32 000 service analyses using wetway, spectrometric and
radiochemical methods were carried out as analytical support for research
projects and for chemical control of the operation of the Site Effluent Plant,
the HIFAR and Moata reactors, and various other facilities. Other services
which were provided included scientific glassblowing, development of an
incinerator to convert uranium swarf to stable oxides and recovery of
plutonium from waste solutions.

2.

MINING AND TREATMENT OF URANIUM ORES

2.1 Leaching of Uranium Ores
[R.J. Ring, B.C. Charlton]
Laboratory studies were undertaken with the aim of improving leaching
processes for Australian ores to increase uranium extraction and reduce
milling costs.
2.1.1

Peroxygen compounds as oxidants

An oxidant is usually required in the acid leaching of uranium ores.
Pyrolusite, the oxidant proposed for Australian mills, has the disadvantage
that it is reduced to manganous ion which is a potential pollutant in the
waste.
Peroxygen compounds, in particular hydrogen peroxide and its
derivative permonosulphuric acid (Caro's acid), are attractive oxidants on
environmental grounds because they decompose to water.
Leaching experiments were carried out on Ranger, Nabarlek and Koongarra
ores to determine the effectiveness of hydrogen peroxide and Caro's acid as
alternative oxidants to pyrolusite. Ranger and Nabarlek ores were found to be
more amenable to leaching with peroxygen compounds than Koongarra ore.
Uranium extraction was unaffected by the choice of oxidant but peroxygen
oxidants reduced acid requirements by 15-25 per cent. On a weight basis,
hydrogen peroxide requirements, when utilised in the form of Caro's acid, were
about 30 per cent of those for pyrolusite. Caro's acid was a more efficient
oxidant than hydrogen peroxide;
its
use reduced hydrogen peroxide
requirements by 20-40 per cent.
On the basis of this initial work,
Laporte/Interox Australia is now sponsoring the program for a period of six

months from 1 September 1979.
2.1.2

Pressure leaching

Acid leaching at high temperatures (up to 200°C) and pressures has a
number of advantages over conventional leaching at 35-55°C.
- Extraction time is reduced
- Uranium recovery from refractory minerals is usually increased
- Oxygen is a cheap and effective oxidant
- For pyritic ores, the oxidation of sulphides produces sulphuric acid
which reduces acid requirements.
For some ores, these advantages may offset the higher capital cost of pressure
vessels required for leaching.
A preliminary study was carried out to compare the pressure leaching of
Nabarlek ore with existing data from conventional leaching tests. The ore
contained mainly uraninite with a small proportion of refractory minerals.
Leaching experiments were carried out at 120-170°C with an oxygen overpressure
of 500 kPa. Ultimate recovery was improved only slightly (0.1-0.2 per cent)
but extraction time was reduced from 20 h to 0.7-2.0 h and acid requirements
decreased by up to 30 per cent. This study will be extended to more
refractory ores.
2.2 IAEA Advisory Group Meeting on Production of Yellow Cake and Uranium
Fluorides
Dr P.G. Alfredson attended this meeting and presented a paper on
Australian experience and also participated in an OECD-NEA/IAEA Working Group
Meeting on Uranium Extraction, both of which were held in Paris in June 1979.
Significant new developments in processes for both uranium milling and
refining have been made in the 1970s including continuous ion exchange from
leach pulps in South African uranium mills, the use of rotary kilns instead of
fluidised beds for gas-solid reactions and wetway methods for producing UF.

2.3 Treatment of Wastes from Uranium Mining and Milling
[D.M. Levins, R.K. Ryan, K.P. Strong]
The major wastes arising from mining and milling of uranium ores are the
tailings, liquid process effluents and radon. Laboratory studies continued on
methods of treating and controlling these wastes to reduce their environmental
impact.
2.3.1

Chemical extraction of radium from tailings

The feasibility of extracting radium from tailings by leaching in 3 M
NaCl solution was studied. Experiments showed that the radium could be
rapidly leached at ambient temperatures by either washing the tailings as a
filter cake or by multi-stage contacting in agitated vessels. Leaching from a
filter cake was more efficient because it minimised leach liquor requirements.
Experiments were carried out on tailings derived from five Australian
ores and, in each case, a fraction of the radium proved to be non-extractable.
Maximum radium extractions were as follows: Ranger 91 per cent, Nabarlek 94
per cent, MKU 80 per cent, Koongarra 80 per cent, Jabiluka 90 per cent. The
residual radium activity in the tailings ranged from 2.3-11.4 Bq g which is
well above natural background levels. While the saline leach process would
not eliminate the need for safe storage of some fraction of the tailings, a
lower level of containment (e.g. above-ground storage) might be acceptable to
environmental authorities because of the large reduction in hazard.
Ion exchange, barium chloride treatment and adsorption on solids were
studied as possible methods of recovering radium from the leach liquor. If
this liquor is to be recycled, sulphate must also be removed because it
inhibits the extraction of radium. Three ion exchange resins, Dowex AG-50W
(a strong acid resin), Dowex AG-1 (a strong base resin) and Chelex 100
(a chelating resin) were tested for their efficiencies in removing radium and
sulphate from 3 H NaCl. Chelex 100, in either the sodium or barium form, was
the most effective in retaining radium. Breakthrough occurred after passage
of about 250 bed volumes, which means that the radium from one tonne of
tailings could be concentrated on 20 kg of resin. Sulphate removal was
unsatisfactory for all the resins tested. Only Chelex 100 in the barium form
retained sulphate to any significant extent. Even with this resin, there was

some immediate breakthrough
passage of 150 bed volumes.
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and complete breakthrough
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Addition of barium chloride was studied as a method of precipitating
radium and sulphate simultaneously. Sulphate removal was almost quantitative
for barium chloride additions in excess of twice the stoichiometric
requirements. However, the efficiency of radium removal decreased in excess
barium chloride probably because radium was leached from the precipitate by
the barium ion. When only stoichiometric requirements of barium chloride were
added, 92 per cent of the radium was precipitated whereas only 65 per cent was
precipitated in 100 per cent excess barium chloride. Two-stage precipitation
appears the best method of optimising radium and sulphate removal. In the
first stage, stoichiometric barium chloride additions would precipitate most
of the radium while in the second stage additional barium chloride would
complete sulphate precipitation.
Adsorption of radium onto either barium sulphate or manganese-impregnated
acrylic fibre was briefly studied.
Powdered barium sulphate at a
concentration of 0.01 M. removed 80 per cent of the radium from an agitated
solution in one hour. One hundred and twenty bed volumes of 3 _M. NaCl were
passed through a column containing manganese-impregnated fibre without
breakthrough of radium. This method of radium removal appears very promising
for removing residual radium before the leach liquor is recycled.
A tentative flow diagram (Figure 1) was developed for a process to
extract and recover radium. The process involves leaching of tailings on a
belt filter using 3 M. NaCl, precipitation of radium and sulphate in the
filtrate as barium (radium) sulphate, and recycle of the leach liquor. The
tailings are washed with water to remove chloride and the dilute saline wash
is evaporated in a pond and recycled to the process. About 2 kg of barium
(radium) sulphate per tonne of ore would be produced and this waste would have
to be stored in a repository for a-wastes.
2.3.2

Neutralisation of tailings-raffinate slurries

Laboratory studies were completed to determine the concentration of
contaminants in lime-treated, tailings-raffinate slurries derived from all
Alligator Rivers ores. For metals which form relatively insoluble hydroxides
or sulphates, the residual concentration was found to be independent of the

concentration in the acidic raffinate or the origin of the ore. At pH 8, the
concentrations (mg L"1) of these metals in aged slurries were approximately
Al 0.3, Ba 0.5, Ca 500, Cr 0.3, Cu 0.05, Fe 1, Mn 100, Pb 0.4, U 0.03,
Zn 0.02.
The residual concentrations of some other contaminants varied
according to their initial concentrations. The typical ranges of
concentrations were Mg 1.5-3.0 g L"1, SO^ 2-8 g L"1, K 20-500 mg L"1, Na 201500 mg L"1, Cl 10-50 mg L'1, 226Ra 3-15 Bq L'1.
2.3.3

Emanation of radon from ores and tailings

The emanation coefficients of Australian ores and tailings were measured
by allowing radon to accumulate in chambers containing samples weighing 150 g. The gas in each chamber was subsequently well mixed and evacuated into
a ZnS scintillation cell where it was counted. This method is more accurate
than the commonly used 'sealed-can1 method which involves gamma counting of
radon daughters.
The radon emanation characteristics of Australian ores were found to be
similar to those from North America. The average emanation coefficient for
air-dried, crushed ore was about 0.2, but the carnotite ores from Western
Australia had a much lower coefficient, typically about 0.05.
The effect of water on the emanating power was studied in some detail.
Absolutely dry materials were found to have a very low emanating power.
However, as water content was raised from 0 to 2 per cent, the emanation
coefficient typically increased threefold. Above 5 per cent water, there was
little change in emanating power. This effect is probably associated with the
formation of water films in the capillaries which can absorb radon recoil
atoms more readily than air.
The effect of particle size on emanating power was studied using a sample
of high grade Yeelirrie ore which was progressively crushed. After each size
reduction, the emanating power and mass median particle diameter were redetermined. Comminution had a small effect on emanating power which only
doubled when particle diameter was reduced from 40 mm to 500 ym.

2.3.4

Radon exhalation from tailings piles

An experimental rig has been constructed to study the exhalation of radon
from a tailings pile. The tailings are packed in a 1.2 m long, 107 mm
diameter, stainless steel column. At four positions along the column, the
interstitial gas can be sampled through 3 mm o.d. stainless steel tubing
inserted into the centre of the bed. Dynamic changes in differential pressure
across sections of the bed can be measured using four pressure tappings along
the column. The air space above the tailings is continuously purged with
medical grade air to remove radon as it emanates from the surface. Air
leaving the column is either vented directly, or else filtered (to remove
radon daughters), and passed through a scintillation flow cell to monitor the
radon concentration.
Measurements were made of radon flux and concentration profile through a
column of MKU tailings packed to a depth of 0.97 in. The concentration profile
closely followed that predicted by steady state diffusion theory. The best
match of theoretical and experimental profiles was obtained by assuming an
effective diffusion coefficient of 2.8 x 10"6 m2 s"1 which is consistent with
values reported in the literature. The measured flux from the tailings
surface was 8.3 Bq m"?c s 1 which is in reasonable agreement with the
theoretical flux of 8.9 Bq m"2 s"1.

3. PRODUCTION OF URANIUM HEXAFLUORIDE
3.1 Development of Improved Fluorox Process
[J. Janov, B.6. Charlton, A.H. LePage]
Development of the catalysed Fluorox process which began in September
1976 was terminated in January 1979 when it became apparent that poisoning of
the catalyst made the process unattractive compared with conventional, direct
fluorination of UF.

3.1.1 Final experiments
A final series of fluidised bed experiments on the Fluorox reaction were
carried out with closely sized UF^, UOgFg and platinum-on-alumina catalyst
powders in order to minimise their segregation in the reactor. A rapid
decrease in reaction rate in successive batch experiments was observed.
Sectioning and analysis of the powder from the reactor at the end of these
experiments showed that the catalyst and unreacted UF. were uniformly
distributed throughout, indicating that the decrease in reaction rate was not
due to segregation of the catalyst and the UF. but probably to poisoning of
the catalyst.
The precise cause of the poisoning was not established. Although the UF,
and U02F2 contained sulphur (up to 800 yg g ) which was volatilised during
the Fluorox reaction, it did not appear to be the cause of the poisoning.
Electron probe analysis of the surface of poisoned catalyst particles did not
detect any elements other than platinum, uranium and aluminium. The poisoned
catalyst particles appeared smooth and lustrous when viewed through an optical
microscope, whereas fresh catalyst and catalyst treated with only UFg were
porous and coral-like. Poisoning of the catalyst may have been caused by a
molten film of intermediate uranium fluorides (formed by reaction of UFg with
unreacted UF.) which coated the catalyst surface.
Regeneration of the poisoned catalyst was demonstrated in small-scale
tests by two different methods. Washing with water or ammonium oxalate
solution at 60°C removed the lustrous surface coating from the poisoned
catalyst particles and restored their original porous coral-like appearance.
Thermobalance and bench-scale fluidised bed experiments confirmed that the
regenerated catalyst was just as effective in promoting the Fluorox reaction
as fresh catalyst. In the second method, the poisoned catalyst was
regenerated by treatment with hydrogen (650°C) and hydrogen fluoride (250550°C) at the conditions used for recycling the by-product UOpFp in the
overall Fluorox process. The effectiveness of this method was also
demonstrated in bench-scale, fluidised bed experiments.
Even though regeneration of catalyst was demonstrated to be technically
feasible, the very fast rate of catalyst poisoning would necessitate using
higher catalyst concentrations and more frequent recycling than was originally
envisaged. This would add significantly to the capital and operating cost of
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the plant making the catalysed Fluorox process commercially unattractive.
Blockages of the reactor off-gas filters by condensed intermediate
uranium fluorides did not occur in this final series of experiments. This
problem, which had been encountered in earlier experiments, was overcome by
modifying the design of the filter blow-back system and using lower
concentrations of UF. in the reactor. The latter reduced the formation of
intermediate uranium fluorides.
3.1.2

Summary of results

The results of the pilot plant development program can be summarised as
f ol 1 ows:
1.

At 650°C the catalysed Fluorox reaction cannot be carried out with
more than 30 per cent UF^ in the reactor, as sintering occurs at
higher concentrations.

2.

With 20 per cent UF^ in UOgFp, the rate of the Fluorox reaction was
increased by an order of magnitude by the addition of fresh platinum
(approx. 5 per cent) on alumina catalyst. This was obtained in
pilot plant experiments with 1 per cent catalyst using British
(BNFL) UF4 and 5 per cent catalyst using French (CEA) UF^.

3.

The highest rate of UFg production achieved in the 0.15 m diameter
pilot plant, fluidised bed reactor was 0.9 kg h .

4.

The catalyst was poisoned rapidly with continued use in the pilot
plant, but the rates of poisoning were significantly different when
using British and French UF^. With British UF^, the catalyst was
completely poisoned after production of 16 kg of UFg per kg of
catalyst, whereas with French UF. this occurred after production of
only 1 kg of UFg per kg of catalyst.

5.

The catalyst was not poisoned by exposure to pure UFg at 650°C. In
bench-scale tests, the effectiveness of the catalyst was not altered
even though its surface area was reduced from 120 to 20 m g .
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6.

Fresh catalyst and catalyst treated with pure UFg had a porous,
coral-like appearance, whereas poisoned catalyst had a smooth,
lustrous appearance. The poisoning is thought to be caused by
intermediate uranium fluorides which coat the catalyst particles.

7.

The poisoned catalyst could be regenerated by
i. Washing with water or ammonium oxalate solution at 60°C,
ii. Treating with hydrogen and hydrogen fluoride at the conditions
used for recycling U02p2 in the Fluorox process.

8.

High UFg recovery yields (> 90 per cent) were achieved when U02F?
diluent was used and the catalyst and reaction vessels had been
passivated towards UFg.

9.

Only a small amount of corrosion (< 130 urn) was detected in the
reactor after 380 hours of operation at 650°C in which 30 kg of UFg
were produced.

3.2 Direct Fluorination of UF/j
[J. Janov, A.H. LePage]
Following completion of research into the Fluorox process, the pilot
plant was modified for production of UFg by the conventional route. The two
150 mm diameter fluidised bed reactors in the pilot plant were connected in
series. The first reactor was used for UFg production and contained 15-30 per
cent UF4 in fused alumina which was fluidised by nitrogen containing 10-30 per
cent F2« The reaction, which is exothermic with a heat of reaction of -252 kJ
mol , was carried out at 500°C. Fused alumina in the reactor acted as a
diluent to prevent sintering. The second fluidised bed reactor operated at
300°C and contained a high surface area alumina powder which removed fluorine
from the off-gases of the UFg reactor. The concentrations of UFg and
unreacted fluorine were continuously monitored by thermal conductivity cells.
Two preliminary batch experiments have been completed in which
approximately 10 kg of UFg were produced. In the first experiment, 15 per
cent UF^ in alumina was reacted with 10 per cent F«. Complete conversion of
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the UF4 to UFg was achieved with 95 per cent utilisation of fluorine. The
heat of reaction caused the bed temperature to rise 12°C. In the second
experiment, 30 per cent UF4 in alumina was reacted with ?0 per cent F,,. A
peak UFg production rate of 5 kg h was reached but, after 30 minutes
operation, fluctuations in the pressure drop across the fluidised bed and the
temperature in the bed indicated channelling or sintering of the UF.. Further
reaction at lower production rates overcame this problem but, in future
experiments, the concentration of UF4 in the reactor will be restricted to a
maximum of 15 per cent. The high surface area alumina proved very effective
for fluorine disposal and only 0.2 pL L"1 F2 was detected in the outlet from
the second reactor.

4. SOLIDIFICATION OF HIGH LEVEL RADIOACTIVE WASTE

Dr P.G. Alfredson visited laboratories in USA, Canada, Belgium, England,
France, Germany and Sweden during May-June 1979 to investigate the current
status of developments in radioactive waste management, particularly the
solidification of high level waste (HLW) in glass and ceramic forms.
Borosilicate glasses which melt at 950-1150°C are internationally
recognised as acceptable first generation HLW forms, and the first prototype
production plant, the AVM facility at Marcoule in France, commenced operation
in 1978. There is an increasing effort on a wide variety of second generation
waste forms, particularly ceramics, synthetic minerals and metal matrix
materials. One of the most promising of these is Synroc B and a joint AAECANU program was initiated during this year to show whether it can incorporate
the full range of waste components and has good radiation stability, and to
scale up fabrication techniques. Most of the AAEC work is in Materials
Division, but Chemical Technology Division is collaborating in this program by
carrying out leach testing of Synroc and borosilicate glass specimens.
Leaching by groundwater is the most likely mechanism by which buried high
level radioactive wastes could return to the biosphere. A low leach rate is
one of the most important criteria of merit in assessing alternative waste
forms.
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4.1 Leach Testing
[R.K. Ryan, D.M. Levins]
Equipment has been set up to measure the rate of leaching of Synroc and
glass under identical conditions. Specimens of Synroc are being prepared by
Materials Division while standard French and USA glasses, containing 10 and 25
wt per cent simulated radwastes, have been prepared by Australian Consolidated
Industries Ltd. Two types of apparatus for leach testing have been set up and
tested: a Soxhlet apparatus in which the waste is contacted with refluxing
water at 99 ± 1°C and a pressure vessel for hydrothermal experiments at
temperatures up to 300°C. Long-term static tests are also planned at
temperatures in the range 25 to 70°C following the procedure recommended by
the International Organisation for Standardisation. The Synroc and glass
specimens used in leach rate measurements are disks, 10 mm diameter x 2 mm
thick.
Preliminary work has been carried out to establish test procedures and to
determine whether neutron activation analysis (NAA) is a suitable method for
simultaneously determining the leach rate of many elements. A sample of
British glass containing low levels of simulated fission products was
irradiated in Moata for 20 h. After two weeks' cooling, the gamma-spectrum
was determined using a Ge(Li) detector. Radionuclides detected included
141ce, 134cs, ISlsa, 51cr, 59pe, 65zn> llOmAg and 152EU. The glass was then
leached in water at 90°C for 6 h. The gamma-spectrum of the leach solution
was measured and !41Ce, 134Cs, 137Cs, 51Cr, 110mAg, 60Co, 86Rb and 124Sb were
readily detected. On the basis of this test, NAA appears a suitable method
for measuring the leach rate of many elements from Synroc and glass.
A test leach in brine solution was carried out on undoped borosilicate
glass at 185°C for 5 h. The glass and brine were sealed inside a platinum
vessel to prevent corrosion of the stainless steel. There was no obvious
degradation of the glass and the leach rate (based on weight loss) was 1.7 x
10'3 g cm"2 d'1
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5. SUPPORTING CHEMISTRY STUDIES
5.1 Structural and Preparative Chemistry
[J.C. Taylor, A.B. Waugh]
5.1.1

Equipment and facilities

The high resolution neutron diffractometer (HRD), one of the only three
of its type in the world, is being tested and commissioned by Materials
Division. Patterns show resolution comparable with the HRD at Grenoble.
Publications have been prepared describing computer programs
for
identifying coordination polyhedra in crystal structures and for profile
refinement of cubic powder diffraction patterns with cubic harmonic functions.
5.1.2

Uranium and molybdenum coordination compounds

The following three studies were made possible by the successful
isolation and mounting of single crystals which, in the case of UI^ and
MoOCl., had not previously been available. These samples were highly moisture
sensitive and required careful manipulation in a dry-atmosphere glovebox.
(a)

Tetra(tert-perfluorobutoxy)oxo molybdenum(VI), MoO(OC(CR,)3)4

This compound was prepared by the exchange reaction of MoOCl, with
NaOCfCFgJg) in CC14 and purified by vacuum sublimation. Its crystal structure
was determined by single crystal X-ray diffraction. The clear yellow crystals
are face-centred orthorhombic, with a = 1.631(1), b = 1.375(1),
c= 1.357(1) nm, Z = 4, the possible space groups being Cmcm, Cmc2, or Ama2.
The true space group is Cmc21 with symmetry approximately Cmcm. The
structure in Cmc21 was solved by three-dimensional Patterson and difference
Fourier techniques with 682 independent reflexions, the final R-factor being
0.11.
The structure is molecular, with the Mo(VI) atom coordinated by five
oxygen atoms (four ligand oxygens and one molybdyl oxygen), on the corners of
a triangular bipyramid. The molecule has a mirror plane of symmetry (x = 0),
and the two ligand molecules which reflect across this plane are ordered. The
other two ligand molecules are almost mirrored about the plane z = 1/4 (if
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they were exactly mirrored the space group would be Cmcm), and disordered.
(b)

Uranium tetraiodide, UI.

A sample of UI^ was prepared by the fusion of the two elements at 530°C
in a thermal gradient tube. Care was taken ;n the preparation and isolation
of the UI4 to avoid thermal dissociation of the UI4 to UI3 and I2 which occurs
slowly under vacuum at room temperature. Although this compound has been
known for many years, attempts to solve its structure have been frustrated by
its micro-crystal linity and fibrous crystal habit.
The crystal structure was solved by a combination of X-ray and neutron
diffraction techniques.
UI. is monoclinic, space group C2/C, with
a = 1.3967(6), b = 0.8472(4), c = 0.75 10(3) nm, 3 = 90.54(5)°. The uranium
atom is at 4(e) with y = 0.152(2), and the iodine atoms in general positions
8(f). There are two types of iodine atoms with 1(1) at (0.123(1), 0.118(2),
-0.086(2)) and 1(2) at (-0.134(1), 0.382(3), 0.100(2)). The structure, based
on hexagonal close packing of the iodine atoms, consists of zig-zag chains
UI I
2 4/2'w^ t*ie ternr"nal ^dine atoms in cis positions. The parameters were
determined by the neutron powder profile refinement technique and R =
E(|y0-yc|)/Ey0 - 0.129, R (expected) = (NO-NVj/Uwy2)h = 0.111 and
X2 = £w(y0-yc)2/(NO-NV) = 1.7. Uranium tetraiodide is not isostructural with
any other known MX. halide, and is the only actinide tetrahalide to have the
chain structure, although chains are commonly found in the transition metal
tetrahalide structures.
(c) Molybdenum oxide tetrachloride, MoOCl.
was prepared by refluxing Mo03 in thionyl chloride followed by
vacuum sublimation for purification. Single crystals were grown in Lindeman
tubes in a thermal gradient oven for X-ray study while bulk samples were used
for neutron diffraction analysis at 293 and 77 K.
A model, derived from consideration of the cubic close-packing together
with an X-ray Patterson synthesis with Weissenberg data, was refined by the
neutron powder profile-fitting technique to R = 2|y 0 -y c |/zy 0 = 0.094 (293 K)
and 0.081 (77 K). MoOCl4 is triclinic, space group PI, with unit cell
dimensions a = 0.6255(4), b = 0.7236(3), c = 0.7134(3) nm, a = 103.49(3)°, 3 «
107.02(6)°, gamma = 92.82(4)° at 293 K. There are no large changes in the
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structure on cooling to 77 K. The Mo atoms occur in adjacent octahedral holes
(Mo-Mo = 0.412 nm), but there is no dimer formation as in MoClg. The
configuration around Mo is a square pyramid, with four basal chlorine atoms
and an apical oxygen atom (Mo-Cl (av.) - 0.232 run, Mo-0 = 0.17 nm). The Mo
atom is 0.041 nm above the basal plane. There is a longer Mo...Cl interaction
of 0.29 nm in the octahedral position through the basal plane; if this were
stronger (approx. 0.23 nm), then the structure would consist of dimers.
The structure is in agreement with a gas electron diffraction study which
found a C4v square pyramid with Mo-0 = 0.1653(5) and Mo-Cl = 0.2279(3) nm. It
is also in agreement with the structures of WOCl^, ReOCl,, WSCK and WSBr^
where similar square pyramids are observed, but associated with different
crystal symmetries.
5.1.3

Uranium chelate compounds

X-ray structural analyses are being conducted on bis(l,l,l,5,5,5hexafluoropentane-2,4 dionato)dioxo (benzene) uranium(VI) and bis(2,2,6,6,
tetramethyl-3,5-heptanedionato)dioxo (trimethyl phosphate) uranium(VI).
5.1.4

Phase transitions in disodium hexabromuran(4)ate

[With J.
Bros, M. Gaune-Escard, Laboratoire de Oynamique et
Therrnophysique des Fluides, associe and CNRS, Universite de Provence,
Marseille, France, and A.M. Hewat, Institut Max von Laue, Paul Langevin,
Grenoble, France]
Disodium hexabromuran(4)ate, Na^UBrg has many phase changes before
melting. Just below the melting point, 780 K, the solid actually has higher
conductivity than the liquid; the solid is a fast-ion conductor. At room
temperature, neutron diffraction data show the structure to be hexagonal of
the Na2SiFg type. This is similar to the UClg structure with Na ions in
octahedral holes in the UClg-type lattice. Neutron data were provided by Dr
Hewat at 657 and 695 K.
The 695 K data have been solved with the aid of the Kubic Harmonic
program [J.C. Taylor, AAEC/E488, 1980]. The high temperature phase is of the
(MoFg, SFg, WFg) type, the body-centred plastic cubic phase. UBrg octahedra
are situated at the body-centred cubic lattice positions and the bromine
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density is smeared out over a spherical surface with radius the U-Br distance.
The best agreement between observed and calculated patterns is obtained when
the Na+ ions are omitted from the calculations. This implies the Na+ ions are
moving rapidly through all the interconnected holes in the structure assisted
by rotations of the UBrg octahedra, and are seen by the neutrons as a
continuum. The superconductivity is thus readily explained. Conventional
refinement by the Rietveld profile program gave poor results since this
approach does not adequately describe the curved bromine density.
5.1.5 Uranium minerals
[with I.A. Mumme, W.I. Stuart]
A structural study of curite, (Ug026(OH)4)Pb3(OH)2), has been completed.
Curite is orthorhombic, space group Pnam, with a » 1.2551(9), b = 1.3003(20),
c =0.8390(13) nm. 1114 independent X-ray reflexions, collected on a 4-circle
diffractometer, were used to locate the lighter oxygen atoms. The structure
contains a (UgOgg^HL) sheet, not previously found in uranium crystal
structures. The sheet is built up from edge and corner-fused octahedra and
pentagonal bipyramids. There are three different types of uranium atoms in
the structure, one octahedrally coordinated, and the other two having
pentagonal bipyramidal coordination. The lead atoms lie between the layers
and bind the structure together. One oxygen atom is not bound to uranium;
this is bound to lead only. The lead atoms are deficient in occupation of one
of the two lead sites. Hydroxyl oxygen atoms were distinguished from oxygen
atoms bound as oxides by consideration of bond strengths determined from the
Zachariasen bond strength - bond length curve for U-0 bonds, and by T6A
analysis.
5.1.6 Heated chrysotile
[with W.I. Stuart]
To conclude studies into the decomposition of chrysotile asbestos, a
further range of samples from the early dehydroxylation stage through the
exotherm to 950°C, with a water vapour concentration of 2000 yL L"1 instead of
completely dry conditions, was investigated. With a slight water vapour
content, improved crystallisation was induced, and the mechanism was revealed
with more clarity. Forsterite crystallisation was seen in the later
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dehydroxylation stage together with another phase, assumed to be a polymorphic
form of enstatite. These lines were not visible in the earlier runs under dry
conditions. The end product at 950°C, a mixture of forsterite and a new
polymorph of enstatite, was the same as under the dry conditions. The
observation of crystallisation of forsterite and the second phase below the
exotherm, together with the absence of quartz lines or bands, confirmed
earlier conclusions that quartz is not involved in the decomposition
mechanism.

6. ANALYTICAL CHEMISTRY RESEARCH
A modern analytical service depends on research to develop new and
improved methods and techniques in anticipation of likely demands for new
analyses and to solve analytical problems which may arise. Research topics
include neutron activation analysis, spectrometric techniques, low level
radiochemistry, environmental analysis and stripping voltammetry. In some
areas of analytical chemistry research, for example, stripping voltammetry and
electrical detection spark source mass spectrometry, the Division is in the
forefront of world development, and is the only laboratory in Australia
carrying out such novel research. The development of these special techniques
will expand the armoury of the analytical chemist and benefit many branches of
science.
6.1 Neutron Activation Analysis
[J.J. Fardy, R.E. Porritt, C.J. Bov/les, G.D. McOrist]
6.1.1

Equipment

Extensions to the fast access neutron activation laboratory (FANAL) were
recently completed and the new multichannel analyser, ND660, has been fully
tested and is ready for installation. However, high resolution gamma
spectrometry analysis will not be possible in this facility until the low
resolution, 5 per cent Ge(Li) detector, is replaced by a 15-20 per cent
detector.

19

The instrument room of the radiochemical laboratories has been connected
to the SMUT line. Both a decwriter and dual drive floppy disc units were
installed during this period. After some initial problems, the CI 8180
multichannel analyser was connected to the PDP11/10 minicomputer along with
the dual drive floppy disc unit. A second PDP11/10 was successfully linked to
the first minicomputer and current computer programs are being updated to
accommodate these changes.
6.1.2

Complex spectra analysis

A current computer program for the identification of nuclides in gamma
spectra is being modified for wider application to complex spectra. This
code, which is based on the GAMANEL computer code derived at Lawrence
Livermore Laboratory, forms a matrix of equations so that the intensity of
each peak is described as a linear addition of the identified nuclides. From
the results of least squares solution of this set of equations, the
quantitative value of each peak as well as the degree of interference is
tabulated.
The SPECTRA 3 code, a general purpose computer program for data reduction
and interpretation of gamma spectra, was recently received from the United
States Geological Survey. It is currently being tested on the IBM3031
computer and its performance is being compared with two AAEC-derived computer
programs, PKREC and SPANAL.

6.1.3 Collaborative studies
Mercury in shark flesh
Four samples of shark flesh were supplied by the Commonwealth Department
of Science and the Environment as part of a round-robin exercise for the
analysis of mercury in shark. Analyses were performed by radiochemical
neutron activation analysis (RNAA). After irradiation for one reactor period
in quartz vials, samples were digested in HN03/H2S04 with appropriate carrier.
Mercury was distilled off from 10 per cent glycine/HC104 mixture, precipitated
first as sulphide, dissolved in aqua regia and precipitated as Cu(en)2.HgI..
Gamma spectrometry of the precipitate yielded mercury concentrations in the
range 0.24 - 1.0 yg g .
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Selenium in synthetic diets for rats
Or J. 01 ley, Division of Food Research, CSIRO, organised an interlaboratory comparison of several analytical techniques for selenium
determinations because of the difficulties in assaying selenium in the ug g
range. After irradiation, RNAA was applied to yeast powder/flour mixtures by
dissolution in HH03/H2S04 mixture, refluxing in HC104, addition of HCl/HBr and
distillation of selenium. The selenium was precipitated with NaHSO- and
analysed by gamma spectrometry. Selenium concentrations ranged from 0.003 0.36 yg g"1. Preliminary results from other laboratories showed very poor
agreement. The scatter of results indicated poor sample homogeneity which was
further supported by visual inspection of the sample. Further studies are in
progress utilising both thermal and epithermal instrumental neutron activation
analysis (INAA).
Elemental distribution in gallstones
Studies with Dr C. Kennard, University of Queensland, on trace element
profiles in gallstones from the same gallbladder and from different
gallbladders, have been curtailed ov/ing to reduced university interest and the
current work load on Division staff.
Characterisation and source of aboriginal ochres
Five samples of ochres used by Australian aboriginals for body decoration
in ceremonial dances have been analysed using INAA.
Identification of smuggled birds
Samples of feathers from galahs and corellas have been qualitatively
examined by INAA for Dr D. Keast, Department of Microbiology, University of
Western Australia. Preliminary analysis showed identification fingerprinting
of the original habitat of birds which have been intercepted while being
smuggled out of Australia depended on a large program to establish data banks
for trace elements as a function of type of bird, its location and diet.
Current staffing and work load makes development of this program impossible.
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6.1.4

Development of NAA techniques
Techniques for trace metal analysis

While the activity generated after an irradiation period in a reactor can
be mathematically related to the mass of the element, neutron activation
analysis has, until recently, not been an absolute method of analysis because
of uncertainties in the value of some parameters.
Therefore, most
practitioners use the comparator technique which involves the simultaneous
irradiation of a primary or secondary standard containing a known amount of
the elements of interest. Alternatively a set of experimentally determined
conversion factors can be used to relate the specific activity of the standard
either to the specific activity of an isotope in a single monitor for a
reactor with a stable flux spectrum or to isotopes in a dual monitor where
spectrum perturbations occur, such as in HIFAR. The majority of
determinations by NAA at the Research Establishment have involved the
comparator technique and the use of primary and secondary standards but the
measurement of conversion factors is currently in progress to preserve the
depleted stocks of secondary standards (NBS Standard Reference Materials).
Recently, several laboratories have demonstrated the feasibility of
absolute I NAA where gamma spectral analysis of irradiated material is used to
determine the absolute disintegration rates for specific radionuclides. These
data, together with measured values for thermal and epithermal neutron fluxes,
irradiation cooling and counting times, are all the experimental information
required for the analysis. Consistent parameter values for thermal neutron
capture cross sections, resonance absorption integrals, half-lives and photon
branching now permit conversion from product photon emission rate to target
nuclide amount. This method of analysis has now been implemented and tested
on Standard Reference Materials 1632 and 1633, coal and fly ash. Results have
been encouraging for most element determinations but the results for europium
and arsenic vary by a factor of two from certified results. Further
investigations are under way '>.o correct these anomalies.
Thermal neutrons are generally the preferred source of neutrons for
irradiation but recent studies overseas have shown that the sensitivity for a
number of elements can be considerably increased by introducing activation
with epithermal neutrons by using a cadmium cover to eliminate thermal
neutrons. Applications of this technique have been demonstrated at Lucas
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Heights in determining tungsten in river sediments and uranium in brown coal
samples. These are discussed more fully in the appropriate sections.
Multi-element analysis of black and brown coals
Health authorities are increasingly aware of the environmental problems
caused by the presence of elements that occur normally in only trace amounts.
Because coal contains many such trace elements and the annual consumption rate
of a 500 MWe coal-fired plant is in the range 0.5 - 2 x 10 tonnes, coal
combustion is at present under scrutiny as a potential source of pollution.
Accurate data on the occurrence of trace elements in Australian coals are
needed for proper assessment of the environmental hazard that these processes
will generate.
Twenty-one brown coals and six black coals have been analysed as part of
a survey of Australian coals utilising INAA. Using a total sample mass of
150 mg and two irradiation periods of five minutes and seven hours, twentyfive to thirty-three elements were determined for each sample.
These
elements included sodium, aluminium, chlorine, potassium, scandium, titanium,
vanadium, chromium, manganese, iron, cobalt, zinc, gallium, arsenic, selenium,
bromine, rubidium, strontium, silver, indium, antimony, caesium, barium,
hafnium, tantalum, tungsten, lanthanum, cerium, samarium, europium, terbium,
ytterbium, lutetium, thorium and uranium. Their concentrations ranged from
2 ng g
for lutetium to 5 mg g
for iron. With few exceptions, the
concentration of elements found in black coals exceeded those obtained for the
same elements in brown coal.
Bromine in petrol
Commercial analytical laboratories were unable to determine pg g.-1 levels
of this element in petrol but INAA on 250 mg samples sealed in quartz vials
readily yielded accurate analysis. Bromine concentrations ranged from 5 to
27 ug g . Generally, the lower levels applied to the 'standard' grade and
the upper level to the 'super' grade of petrol.
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Tungsten in river sediments
Conventional analytical techniques are time consuming and inaccurate for
tungsten determination at concentrations below 50 yg g . Geologists from
Geopeko Ltd required an analytical technique capable of measuring tungsten in
the concentration range 0.5 - 30 yg g on samples of river sediments. Since
tungsten has an isotope, ^^, with high resonance activation integral (I) to
thermal neutron activation cross section (cr0) ratio, it forms long-lived
gamma-emitting nuclides with epithermal neutron activation. Most interfering
nuclides that yield major activities on thermal neutron activation have
correspondingly low I/aQ ratios and their effects are minimised with
epithermal irradiations. Subsequent instrumental analysis on three river
sediments, employing both thermal and epithermal irradiations, yielded
tungsten concentrations in the range 5-20 yg g"1. Epithermal irradiations
proved beneficial at the lower end of this concentration range. The results
demonstrated that these techniques would readily meet the customer's
requirements.
Rare earth elements in lavas and phosphorites
The geological significance of the distribution of the rare earth group
of elements in geological materials has led to a large number of requests for
analysis of these elements. Currently, both RNAA and INAA are being used to
analyse for lanthanum, cerium, neodymium, samarium, europium, terbium,
dysprosium, ytterbium and lutetium in a series of lavas and phosphorites
submitted respectively by the Department of Geology, University of New
England, and the School of Earth Sciences, Flinders University.
6.2 Spectrometric Techniques
[L.S. Dale, J.F. Chapman, C.E. Matulis, I. Liepa, P. Rendell]
6.2.1

Atomic absorption spectrometry

A procedure was developed in association with the Commonwealth Police
Neutron Activation Analysis Section, for determining thallium in human hair
using graphite furnace atomisation. Neutron activation analysis, which is
normally used for hair analysis, cannot be successfully applied to the
determination of thallium because of the poor sensitivity of the activation
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product which is a beta emitter. The high sensitivity and speed of atomic
absorption using a graphite furnace atomiser can therefore be used to
advantage for thallium analysis associated with forensic investigations. The
high sensitivity achieved was suitable for investigating suspected poisoning
cases, since as little as 500 yg samples could be analysed down to a
concentration of 2 yg g with a relative standard deviation of 5 per cent.
The technique of atomic absorption spectrometry has also been applied to
the determination of mercury in blood. Because of the high concentration of
organics in blood, only small quantities (0.1 ml) can be taken for chemical
decomposition prior to analysis. The high sensitivity achieved with the
modified cold-vapour technique previously described allows this determination
to be carried out at levels down to 10 yg L" •
6.2.2

X-ray fluorescence spectrometry

A computer program has been developed to simulate X-ray fluorescence
analysis using fundamental parameters.
The program uses experimental
intensity measurements of the components of a sample, such as an alloy, to
determine weight fractions of the components. This is a significant advance
in attempts to carry out X-ray fluorescence analysis of multi-component
systems without the use of calibration standards. The program has been tested
using experimental intensities from measurements on a set of stainless steel
standards, so far with good agreement.
6.2.3

Spark source mass spectrometry

Investigations have been carried out using synchronous detection as a
means of improving the sensitivity of the electrical detection system. Use
of a fast sealer, pulse height analysis system, with an amplifier coupled to
the radio-frequency spark repetition rate, has enabled elimination of the
direct current background of the ion multiplier which had previously prevented
higher sensitivity from being achieved.
The floppy disc storage has been installed on the instrument and the
computer-controlled electrical detection system is now complete.
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6.3 Low Level Radiochemical Methods
[W.W. Flynn, G.D. McOrlst, C.I. Brockbank]
6.3.1

Thorium-230

The procedure of C.W. Sill to determine thorium-230 which involves
extraction of thorium from nitric acid media with the long-chain quaternary
ammonium compound Aliquat 336, followed by electrodeposition and a-counting,
was investigated in detail. Very low recoveries (5-10 per cent) of 230jn were
obtained until the problem was traced to inorganic impurities (possibly
aluminium) in the commercial grade of Aliquat 336. These impurities proved
very difficult to remove. When a purified grade of Aliquat 336 was obtained
from Union Carbide, USA, recoveries improved to 70-80 per cent, and the method
is now satisfactory for routine use.
6.3.2

Protactinium-231

A procedure was required for the determination of protactinium-231 in
urine and faeces. The protactinium was first coprecipitated on barium
sulphate, then extracted from HC104-HC1 medium with di-i-butylcarbinol,
followed by gross a-counting. This procedure gave excellent results, although
some standardisation problems still exist.
6.3.3

Spectrophotometric determination of sulphate

A small
amount of work was carried out to 1extend the previously
n
published^ procedure for sulphate to the 10-100 yg L
range The previous
method, which involves measuring the colour change of cresol red indicator by
0.1-10 mg sulphuric acid per litre, was unsatisfactory below 0.1 mg L . The
new method uses methyl red indicator, and the main problem remaining is the
interference of nitrate.
Recent results suggest that a selective
volatilisation of nitric acid can be achieved by heating the sample on a water

T A~naT7 Chem. 49:618 (1977)
2. Anal. Chim. Acta, 90:343 (1977)
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bath, followed by further heating in a temperature-controlled air oven.
6.4 Environmental Analysis
6.4.1

Speciation of chromium in natural waters

[6.E. Batley, and J.P. Matousek (Department of Analytical Chemistry,
Univ. of NSW)]
The speciation of chromium in natural waters is of considerable
importance because, although trivalent chromium functions as an essential
element, hexavalent chromium is extremely mobile in biological systems and is
able to oxidise important molecules with toxic results. Chromium is generally
measured by atomic absorption spectrometry; however, in seawater, matrix
interferences prevent direct measurement at the natural concentrations and
solvent extraction is usually employed. To measure valency state speciation,
a separation procedure is required, e.g. selective FefOH), precipitation of
Cr(III).
Matrix interferences were overcome by the electrodeposition of chromium
with mercury, on a pyrolytic-coated graphite tube electrode, using a flowthrough cell assembly. The tube was then transferred to an atomic absorption
spectrometer for atomisation of the deposited metal. At pH 4.7, using a
deposition potential of -1.8 volts vs saturated calomel electrode (SCE), both
Cr(VI) and Cr(III) were reduced and accumulated as metallic chromium. At the
same pH, at -0.3 volts vs SCE, Cr(VI) was selectively reduced to Cr(III) which
accumulates by adsorption, most probably as Cr(OH).j. This deposition
potential is pH dependent, and the amount deposited is a function of Cr(VI)
concentration, deposition time and solution mercuric ion concentration.
The direction of solution flow and the positioning of the anode was found
to affect the current density distribution and hence the distribution of
deposited species along the tube. This was studied by the deposition of
51
Cr07. The atomisation characteristics of the deposited metal and the effect
of non-uniformly vs uniformly deposited species were examined. The precision
of the analysis was not significantly affected by the distribution of the
deposit.
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The technique was combined with ion exchange and ultra-violet irradiation
steps, together with the labile-bound discrimination of the electro-deposition
method, in a study of chromium speciation in seawater. Chromium(VI) was
dominant in both sea and river water samples, mostly in labile forms.
6.4.2

Trace metals in interstitial waters
[G.E. Batley, M. Giles]

The determination of trace metals in sediment interstitial (pore) waters
is important to an understanding of trace metal budgets in aquatic systems.
Development of a new technique for separating interstitial waters from
sediments was completed during the year. The method involves adding an inert,
dense fluorocarbon solvent to the sediment, then centrifuging the mixture so
that the heavy solvent displaces water from the sediment pores. The water
separates on top of the solvent layer and can be collected for trace metal
analysis. Tests have shown that a negligible fraction of the metal dissolves
in the organic solvent layer.
This technique has been used with samples from the Port Hacking Estuary
and the Woronora River. Waters from the upper layers of sandy sediments from
these sites had similar matal contents to their overlying waters. However, a
greater +.han twofold enrichment was measured for metals in the pore waters of
mangrove sediments which are depleted in oxygen and rich in organic matter and
sulphur bacteria.
6.4.3

Adsorption as a control of metal concentrations in sediment extracts
[P.S. Rendell, G.E. Batley]

Chemical extraction techniques, used to estimate either the
bioavail ability or associations of trace elements in sediments and soils, have
been extensively applied in environmental studies, agronomy and exploration
geochemistry. A wide range of reagents has been used, encompassing most modes
of chemical attack. The amount of ^tal in the final extract is generally
assumed to be equivalent to the amount of previously bound metal released from
the sediment or soil, i.e. the amount associated with the sediment or soil
components attacked by the reagent.
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The possibility that metal which is released from certain components
during a weak extraction may be readsorbed by other sediment or soil
components or freshly exposed surfaces has received little attention.
Sediment and soil components differ in their susceptibility to various types
of chemical attack and in their ability to adsorb or complex metals. The
adsorption of liietal released by weak extractants could be an important control
of metal concentrations in sediment and soil extracts, and hence have a
significant bearing on the interpretation of extraction results.
The adsorption of Cu, Pb and Cd from selected extractant solutions onto
uncontaminated river sediments has been investigated under typical extraction
conditions. Significant adsorption of added metal was found to occur during
overnight extraction with dilute HC1 (pH > 1.5), 0.1 M, hydroxylamine
hydrochloride (pH 2), 0.1 hi sodium citrate (pH 4.6), 1 M^ ammonium acetate, 10
per cent sodium citrate / 1 per cent sodium dithionite and 25 per cent acetic
acid. Adsorption also occurred during a hydrogen peroxide digestion
procedure. The inability of reagents to prevent losses of soluble metal in
these experiments strongly suggests that a proportion of the metal actually
released from a sediment sample during an extraction will be readsorbed. This
may lead to serious misinterpretation of extraction data because the metal
concentrations determined in the extract do not represent metal levels in the
sediment fractions attacked.
6.4.4

Standard procedure for the determination of uranium in natural and
waste waters
[P. Pakalns, T.M. Florence]

A standard spectrophotometric method was required for the determination
of uranium in fresh, saline and polluted waters, which could be used by small
field laboratories and which did not require great attention to detail to give
reliable and precise results. The method had to be sufficiently sensitive for
all discharge criteria to be readily met, and to use readily available
reagents.
These requirements were met by adapting and improving the 4-(2-pyridylazoresorcinol) procedure for uranium. The improved method used a special mixed
1. Anal. Chem. 35:1613 (1963)
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complex!ng reagent to mask interfering metals and, in cases where gross
impurities were present, a preliminary chelating resin separation of uranium.
Conditions of pH, flowrate, and concentration of washing solution affected the
retention of uranium on the chelating column and the efficiency of elution,
particularly when the sample was a saline water such as seawater. To avoid
the interferences of vanadium and phosphate, masking agents of ascorbic acid
and thorium, respectively, were used. The optimum column pH was 3.9 - 4.0,
which was readily achieved with an acetate buffer. A column wash solution of
0.8 per cent ammonium acetate (pH 5.5) was ideal for maximum removal of
interferences and minimum loss of uranium.
The improved procedure was studied in detail for interferences, and a
specific method is now available which is applicable to a wide range of
waters, from natural to waste.
6.5 Stripping Voltammetry
6.5.1

Cathodic stripping voltammetric study of the dissociation of protein
disulphide bonds in dilute alkali
[T.M. Florence]

Disulphide bonds in proteins are essential to the structure and
biological activity of many enzymes, and radiation chemistry studies have
shown that S-S bonds are the first bonds in proteins attacked by free radicals
produced by radiolysis. It is reasonable to assume that free radicals
generated by other means, e.g. by metabolism of carcinogenic organic compounds
such as azo dyes, would also preferentially attack disulphide bonds. The
study of the degradation of S-S bonds by hydroxyl ion is therefore important,
because hydroxyl ion and nucleophilic free radicals may react with disulphide
bonds by the same mechanism, and an understanding of this reaction could throw
light on the processes of protein turnover, cancer and aging.
The CSV-dilute alkali technique for studying S-S attack allows subtle
differences to be observed between some proteins. Ribonuclease S and
ribonuclease A have almost identical structures yet, in 0.2 M NaOH at 25°C,
ribonuclease A was found to release two moles of HS" per mole of protein, with
a rate constant of 4.7 x 10 s , whereas ribonuclease S released two moles
of HS" at the same rate, followed by an additional mole of HS" at a much
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slower rate (1.5 x 10"^ s'1). This result agrees with previous optical
rotation studies which indicate that ribonuclease S has a slightly less stable
conformation than ribonuclease A. Another marked difference was found between
two structurally similar proteins, chymotrypsin and trypsinogen. Chymotrypsin
releases only one HS" in 0.2 |1 NaOH, whereas trypsinogen releases two. These
differences may lie in the nature of the ami no acid groups adjacent to the S-S
bridge, rather than in the tertiary structure of the protein. Superoxide
dismutase, the enzyme whose function in vivo is to scavenge superoxide
radicals and prevent tissue damage, has two S-S bridges. Both of these
bridges are remarkably resistant to degradation in alkali, a property which is
probably essential to the correct functioning of this enzyme as a free radical
protective agent.
The mechanisms involved in the alkaline degradation of proteins are most
complicated and require a wide range of physico-chemical techniques for
elucidation of the reaction paths. Cathodic stripping voltammetry, ion
selective electrode potentiometry, u.v. spectrophotometry and ultrafiltration
experiments were used to determine the reaction sequence for dilute protein
solutions (< 1 x 10"5 M) in 0.2 |4 NaOH at 25°C.
Elucidation of this sequence will be of considerable help in many
branches of protein chemistry. In addition to cancer research and radiation
chemistry, where the hydroxyl ion may mimic nucleophilic free radicals,
protein-alkali interactions are important in food processing and wool
treatment. Recent studies have shown that many foods which have a high pH
produce the carcinogenic compound lysinoalanine, which results from the
reaction between the amino acid lysine, and dehydroalanine residues. Many
common foods have a high lysinoalanine content; fried egg white has 0.11 per
cent, whipping agent (synthetic) 5 per cent, sodium caseinate 7 per cent, and
soya bean protein concentrate 0.05 per cent. Although lysinoalanine has so
far been shown to be carcinogenic only in rats, it is highly suspect as a
carcinogen in humans.
The discovery and measurement of labile
explain the deterioration of frozen foods.
monitoring the destruction of labile S-S,
carried out at present but which does not
qualities of food.

protein disulphide bonds may also
CSV could be a simple method for
rather than total S-S which is
correlate well with the storage
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6.5.2

Determination of sulphide by potentlometric titratlon using a sulphide
Ion selective electrode
[T.M. Florence, Yvonne J. Farrar]

One of the commonest methods in present use for the precise determination
of micrograra to milligram amounts of sulphide is titration with lead(II) in
alkaline media using a sulphide ion selective electrode to detect the end
point. The lead ion titrant is usually standardised against EDTA, and the
reaction with sulphide is assumed to be stoichiometric:
Pb2+ + HS" + OH" ->- PbS + H20 .
However, all the recognised titration media gave low results for sulphide:
Titration Medium

Sulphide Recovery
(per cent)

Orion I (salicylate + ascorbic)

89.2

Orion II(EDTA ascorbic)

82.5

1 M NaOH + 0.1 H ascorbic

88.6

1 M NaOH f 1.5 M hydrazine

88.9

1 jj NaOH, deaerated with nitrogen

63.8

In media containing sufficient chemical reductant to prevent oxidation of
sulphide, a maximum of 89 per cent recovery was obtained, which suggests that
the lead sulphide was non-stoichiometric, carrying with it some occluded
sulphide ion so that the empirical formula of the precipitate was PbS, 13 .
There are reports in the early literature which show that lead sulphide is not
stoichiometric when precipitated from alkaline solution.
The non-stoichiometry does not invalidate the titration method, provided
that the lead titrant is standardised against a sulphide solution using the
same method, because the error was found to be independent of the amount of
sulphide titrated.
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7.
7.1

CHEMICAL ANALYSIS AND OTHER SERVICES
Analytical Chemistry Services

[T.M. Florence, 6.E. Batley, P. Pakalns, Y.J. Farrar, H. Lane, B.S.
Yates, K.L. Prescott, J.J. Fardy, W.W. Flynn, 6.D. McOrist, R.E. Porritt, C.J.
Bowles, C.I. Brockbank, L.S. Dale, J.F. Chapman, C.E. Matulis, I. Liepa, P.S.
Rendell, W.R. Meehan, W. Lupton]
Analytical support was provided for the Commission's research program,
approximately 13 000 determinations being performed during the year including
an increasing number o,r samples for outside organisations.
The latter were
mainly for the determination of uranium in environmental waters, urine and
ores, radium-226 and other radionuclides in waters and vegetation, and the
multi-element analysis of coals, sediments and biological samples by INAA.
A wide range of wetway, spectrometric and radiochemical analyses were
carried out ( Table 1 ). Sample turn-around time for INAA should improve when
the proposed automatic sample changers and additional detectors are installed.
As the electrical detection system on the spark source mass spectrometer
continues to be improved, its already high sensitivity may be increased by one
or two orders of magnitude.
7.2

Chemical Control Analyses

[R.R.T. Morgan, A.A. Zarins, I.L.Hamilton, D.A. Alewood, R.V.
V.G. Stevens, B.R. Saunders]

Holland,

Samples analysed totalled 6658 requiring 19 482 determinations (Table
2). Of these, 4022 samples were associated with the treatment and discharge
of Site effluent, 918 with the chemical control of HIFAR, 45 with
environmental investigations and 40 with the production of isotopes. The
remainder were required for the chemical control or operation of rigs,
irradiation ponds, cooling towers, Moata reactor and the Gatri facility.
In addition, ion exchange units from reactors, rigs and radiation ponds
were serviced and technical advice was given to other groups on the cleaning
of various items, corrosion problems, water treatment and other matters.
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Modifications were made to the two gas chromatographs installed in the
HIFAR helium circuit to enable a standard gas mixture to be fed into the
instruments to check performance. A conductivity probe was installed in a
modified D^O sampling vessel to allow an independent check of the installed
conductivity meters. Assistance was given in the analysis and removal of the
water in the burst fuel element tank of No.l storage block.
Chemical control of X-170 HPWL continued, including the operation of the
rig for 2 months with a fuel pin installed. Chemical conditions in the
primary circuit were satisfactorily maintained during this period with pD
varying between 6.9 and 7.8, conductivity between 0.3 and 0.7 yS cm and
chlorides between 0.04 and 0.16 yg g . Dissolved oxygen was generally below
10 ng g" . After the pressure vessel was removed from the circuit (8.5.79),
the dissolved oxygen content increased to between 200 and 300 ng g because
of reduced pressure (1.4 MPa) and the absence of ionising radiation which
inhibited the recombination of hydrogen and oxygen.
7.3 Practical Classes in Analytical Chemistry for Macquarie University
Practical classes in instrumental analysis (atomic absorption
spectrometry, spectrographic analysis, X-ray fluorescence spectrometry and
mass spectrometry) were conducted for third year students of analytical
chemistry at Macquarie University.
7.4 Recovery of Plutonium from Waste Solutions
[J.J. Fardy, W. Lupton]
Work is in progress to recover approximately 30 g of plutonium from 2 L
of these solutions which resulted from earlier operations to convert metal
billets to the stable dioxide form. In addition, another 2 L of solutions of
unknown composition arising from work in the 1960s will be processed.
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7.5 Scientific 61assblowing
[W.T. Williams, D.A. Stathers]
A total of 1095 requests were received, resulting in the fabrication of
2424 items. The major users of the service were Chemical Technology,
Instrumentation and Control, Isotope and Environmental Science Divisions.
7.6 Uranium Swarf Incinerator
[A.M. LePage]
An induced draft incinerator system was commissioned to assess the
feasibility of burning the two tonnes of uranium metal swarf currently stored
at Lucas Heights. A total of 100 kg was burned in four tests using
progressively larger batches of swarf. Problems were encountered in the first
test with 6.8 kg of swarf because of volatilisation of the fire powder which
was provided to extinguish the swarf in case of an emergency. This caused
partial blocking of the filters and a reduction in air flow. However, the
contamination survey report showed that no detectable release of uranium had
occurred. Calcium fluoride was used as fire powder in subsequent tests, and
no operational problems were encountered. In the final test, the maximum
recommended quantity of 50 kg of swarf was burned satisfactorily.
The product from the burning was not completely oxidised but was stable
to ignition at 800°C and was suitable for indefinite storage. Removal of the
oxide product from the incinerator was carried out satisfactorily. As all the
operations associated with burning had been safely demonstrated, the equipment
was handed over to Waste Control Section for routine processing of all the
accumulated swarf.
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35

13:879.

Chapman,

Dale,

J.F. and Dale, US. [1979] - Atomic absorption spectrometric
determination of some elements forming volatile hydrides with a
heated cell atomizer and gas handling system. Anal. Chim. Acta
(in press).

L.S. and Rendell, P.S. [1979] - The emission spectrographic
determination of boron in silicate materials. Appl. Spectrosc.
33:404.

Hamilton*, T., Ellis*, J. and Florence T.M. [1979] - (*School of Chemistry,
Univ. of Wollongong) Determination of selenium in copper by cathodic
stripping voltammetry. Anal. Chim. Acta. 110:87.
Johnson, D.A., Taylor, J.C. and Waugh, A.B. [1979] - The crystal structure of
bis(l,l,l,5,5,5-hexafluoropentane-2,4-dionato)dioxo uranium(VI). J.
Inorg. Nucl. Chem. (in press).
Johnson, D.A., Taylor, J.C. and Waugh, A.B. [1979] - Crystal and molecular
structure of tetra(tert-perfluorobutoxy)oxo molybdenum(VI).
J.
Inorg. Nucl. Chem. (in press).
Johnson, D.A., Taylor, J.C. and Waugh, A.B. [1979] - Volatile perfluoro-tbutoxides of oxo molybdenum(VI). Ir.org. Nucl.Chem. Lett. 15:205.
Levins, D.M. and Ring, R.J. [1979] - Processing of uranium ores in Australia.
The Chemical Engineer, (London) 347/8:580-584.
Internal reports
Alfredson, P.G. [1979] - Report on an overseas visit, May-June. CT/TN39.
Batley, 6.E. [1978] - Water quality monitoring program for Alligator Rivers
Region. Jabiru Workshop Report, August.
Batley, G.E. [1979] - Radiochemical analysis of environmental samples. Report
of Radiological Workshop, AAEC, June.

36

Ring, R.J. [1979] - Exploratory leaching tests on Roxby Downs flotation
tailings. CT/TN40.
Contributions to books
Batley, G.E. and Giles, M.S. [1979] - A solvent displacement technique for the
separation of sediment interstitial waters. In Contaminants and
Sediments. Ann. Arbor Science Publishers Inc., Mich. (In press).
Florence, T.M. and Batley, G.E. [1979] - Chemical speciation in natural
waters.
In Critical Reviews in Analytical Chemistry, Chemical
Rubber Co., Florida. (In press).
Conference papers
Alfredson, P.G. [1979] - Australian experience in the production of yellow
cake and uranium fluorides.
IAEA Advisory Group Meeting on
Production of Yellow Cake and Uranium Fluorides, Paris, 5-8 June.
Batley, G.E. and Matousek, J.P. [1979] - Measurement of chromium speciation in
seawater by electrodeposition on graphite tubes for furnace
atomisation. Fifth Australian Symp. on Analytical Chemistry, Perth,
20-24 August.
Batley, G.E. and Matousek, J.P. [1979] - Chromium speciation in seawater.
ACS/CSJ Joint Chemical Congress, Honolulu, 1-6 April.
Batley, G.E. and Giles, M.S. [1979] - Solvent displacement of sediment
interstitial waters for trace metal analysis.
ACS/CSJ Joint
Chemical Congress, Honolulu, 1-6 April.
Dale, L.S. [1979] - Determination of rare earth elements in rocks by spark
source mass spectrometry using electrical detection.
Fifth
Australian Symp. on Analytical Chemistry, Perth, 20-24 August.
Fardy, J.J. and McOrist, G.D. [1979] - Trace element analysis of Australian
coals by neutron activation analysis. Fifth Australian Symp. on
Analytical Chemistry, Perth, 20-24 August.

37

Fardy, J.J., McOrist, G.D., Porritt, R.E. and Bowles, C.J. [1979] - Trace
metal analysis techniques by neutron activation analysis. Fifth
Australian Symp. on Analytical Chemistry, Perth, 20-24 August.
Florence, T.M. [1979] - Study of the degradation of protein disulphide bonds
by cathodic stripping voltammetry. ACS/CSJ Joint Chemical Congress,
Honolulu, 1-6 April.
Florence, T.M. [1979] - Electroanalytical chemistry, RACI, Geelong, 18 July.
Florence, T.M. [1979] - Recent advances in analytical chemistry.
Fifth
Australian Symp. on Analytical Chemistry, Perth, 20-24 August.
Levins, D.M. [1978] - Environmental aspects of uranium ore processing in
Australia. Proc. of First Congress of Asian Pacific Confederation
of Chemical Engineers, Jakarta, 21-22 November: 87-96.
Mumme, I.A., Taylor, J.C. and Stuart, W.I. [1979] - Structural and chemical
studies of uranium in the Pine Creek Geosyncline. International
Uranium Symp. on the Pine Creek Geosyncline, N.T., Sydney, July.
Ring, R.J. [1979] - Alternative leaching processes for uranium ores. Proc. of
Chemeca 79. 7th National Conf. on Chemical Engineering, Newcastle,
22-24 August: 226-230.
Talks

Batley, G.E. [1979] - The application of electrodeposition techniques to
furnace atomic absorption spectrometry. Notes for a Continuing
Education Course, 'Electrothermal Atomisation in AAS'. Univ. of
NSW, July.

TABLE

1

ANALYTICAL CHEMISTBY SERVICES

Analytical Method

Types of Samples

jNo. of Samples

No. of Determinations

Fluorimetry

Waters, urines, biological material

523

523

Spectrophotometry

Leach solutions,
Fluorox samples,
environmental waters

610

972

Titrimetry

Nickel ores, uranium
concentrates

25

25

Anodic Stripping
Voltammetry

Environmental waters

20

80

Atomic absorption
spectrophotometry

Effluents, leach
liquors, biological
samples

Mass spectrometry

oo
vo

1376

2830

Gas samples, germanium
metal, carbon fibre

208

2054

Emission spectroscopy

Alloys, steels,
effluent waters

773

4473

Radiochemical methods

Effluent, waters, soils,
vegetation

812

933

Neutron activation
analysis

Coals, fly ash, sediments\
biological material

54

756

4401

12646

TOTAL

TABLE
2
CHEMICAL CONTROL ANALYSES

Type of Sample

No. of
Samples

Analysed for

No. of
Determinations

Effluent treatment
samples

Water, sewage,
trade waste/etc.

4022

a and B activity, BODs, 1013, COD,
surfactants, cyanide, etc.

12 . 474

Cooling towers, boilers,
ponds, etc.

Water

1304

Hardness, chloride, hydrazine,
chromate, biocides, etc.

Cropping and irradiation
ponds

Water

120

Activity, chloride, pH,
conductivity

HIFAR Reactor

Water, gases, heavy
water, etc.

918

Isotopic purity, chloride, nitrate,
copper, N2, O£, D2 and moisture in
gases

Source

\

3.557
240

2 298

38

Gatri irradiation
facility

Water

15

Activity, total solids, pH,
conductivity

Moata Reactor

Water

44

Aluminium, copper, activity, total
solids, pH, conductivity

134

X-170 HPWL

Water, heavy water,
gases, etc.

150

Activity, iron, chloride, dissolved
oxygen, etc.

594

Environmental Samples

River water, run
off water, etc.

45

pH, conductivity, T.O.C.

67

Isotope production

Water, acids, alkalis

40

pH, conductivity, acid and alkali
titrations.

80

TOTALS

6 658

.

19 482
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APPENDIX I
RESEARCH CONTRACT - DEVELOPMENT OF TUNABLE u.v.Ais LASERS
FOR ISOTOPE SEPARATION

This research contract with Dr J.A. Piper of Macquarie University began
in February 1979 (AAEC Liaison officer : Dr J.W. Kelly). The university is
well equipped for the development of u.v./vis lasers where the emphasis is on
electrical and mechanical design and the elucidation of the importance of the
many parameters affecting laser performance and efficiency.
Work under this contract has proceeded in two directions:
(a)

Development of a copper laser pumped dye laser

A discharged-stabilised, transversely-excited copper halide laser has
been completed.
It has attained peak powers of approximately 100 kW at
X - 510 nm in preliminary experiments and is expected to produce peak powers >_
200 kW after current modifications, are completed. This laser will be the
pump for a tunable dye laser operating in the yellow-red spectral region.
A smaller, transversely-excited copper halide laser, designed for
operation at high repetition rates and mean powers of several watts, is under
construction.
(b)

Optically pumped dimer lasers

This program began with a study of the iodine (Ig) spectrum in the
vicinity of X = 510 nm, the main wavelength of the copper laser, utilising a
simple grating, tuned, nitrogen-pumped dye laser constructed for this purpose.
The same dye laser is being used to pump an I» laser cavity. Iodine
laser emission is detected by picking off a fraction of the emission from the
Brewster windows of the intracavity iodine cell, utilising a dichroic mirror
to eliminate the pumping radiation from the detector. In addition to the
usual iodine emissions, a large number of lines between 539 and 811 nm have
been observed when the cavity is pumped at 518.2 and 510.5 nm. Conversion

I
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•

efficiency is greater for Ig wavelengths in the near i.r. than in the visible.
It is planned to replace the nitrogen-pumped dye laser system by the copper
laser system in the near future.
Another dimer laser utilising molecular sulphur (S2)
construction. It will be pumped by the nitrogen-pumped dye laser.

is

under

45
APPENDIX II
STAFF OF CHEMICAL TECHNOLOGY DIVISION

Chief : Dr. P.G. Alfredson
A.O.

: Mr. C.J. White

S/Sec : Mrs S.M. Dissington
C.A. : Mr. F.W. Birken
CHEMICAL ENGINEERING SECTION

(Leader:

Dr. D.M. Levins)

Waste Processing Group
RS : Dr. D.M. Levins (Leader)
EO : Mr. R.K. Ryan
Mrs K.P. strong

TO

Mr. V.K. Vilkaitis
Mr. J.H. McGregor
Mr. H. Romyn

TO

Mr. D.R. Coles
Mr. F.A. Jackson

TA

Mr. G.P. Shaw

Conversion Technology Group
EO : Mr. J. Janov (Leader)
Mr. A.H. LePage
Extraction Technology Group
RS : Dr. R.J. Ring (Leader)
EO : Mr. E.G. Charlton
Detached to New Reactor Design Section
EO : Mr. F.D. Nicholson
ANALYTICAL CHEMISTRY SECTION

(Leader: Dr. T.M. Florence)

General Chemical Analysis Group
RS : Dr. G.E. Batley (Leader)
EO : Mr. P. Pakalns

TA : Miss K.L. Prescott

Radiochemical Analysis Group
RS : Mr. J.J. Fardy (Leader)
EO : Mr. W.W. Flynn
Mr. G.D. McOrist

TO : Mr. R.E. Porritt
Mr. C.J. Bowles
Mrs Y.J. Farrar
Mr. C.I. Brockbank
OA : Mr. W. Lupton

Spectrometry Group
RS : Mr. L.S. Dale (Leader)
EO : Mr. J.F. Chapman
Mr. C.E. Matulis
Mr. I. Liepa
Mr. P.S. Rendell

TO : Mr. W.R. Meehan

Chemical Control Group
TO : Mr. R.R.T. Morgan (Leader)
Mr. A.A. Zarins
Mr. I.L. Hamilton
Mrs D.A. Alewood
TA : Mr. R.V. Holland
Mr. B.R. Saunders

46
Scientific Glassblowing Group
TO : Mr. W.T. Williams
Mr. B.L. Jones
TA : Mr. D.A. Stathers
PHYSICAL CHEMISTRY SECTION

(Leader: Mr. R.N. Whittem)

Uranium Chemistry Group
RS : Dr. A. Ekstrom (Leader)
Dr. H.J. Hurst
EO : Mr. C.H. Randall
Mr. H.J. Loeh

TO

Mr. R.B. Adams

Structural Chemistry Group
RS : Dr. J.C.
Dr. A.B.
Mr. A.B.
EO : Mr. D.A.

Taylor (Leader)
McLaren
Waugh
Johnson

Materials Chemistry Group
RS : Dr. W.I. Stuart (Leader)
CHEMICAL PHYSICS SECTION

(Leader: Dr. J.W. Kelly)

Laser Photochemistry Group
RS : Dr. H. Struve (Leader)
EO : Mr. G.H. Price
Mr. J.H. Levy

TO $ Mr. N. Hamilton

(Leader)

ANNUAL REPORT OF ENGINEERING RESEARCH DIVISION
OCTOBER 1978 - SEPTEMBER 1979

Division Chief - Mr G.W.K. Ford

CONTENTS

1. INTRODUCTION

1

2. ENERGY RELATED RESEARCH

2

2.1
2.2
2.3
2.4
2.5
2.6

Heat Transfer and Fluid Flow
Pipework Stresses and Strains
Steam Cycles
Solar Energy
Nuclear Fusion
Risk and Reliability Analysis

3. RESEARCH REACTORS
3.1 HIFAR

3.2 New Reactor
3.3 Seismic Studies
3.4 Gas Flows
4. SIGNAL PROCESSING AND NOISE ANALYSIS

4.1 Storage and Analysis of Fluctuating, Transient and Steady-state
Data
4.2 Development of Acoustic Emission Techniques
4.3 Noise Analysis of Mineral Flotation Plant Dynamics
5. MISCELLANEOUS SERVICES RELATING TO SITE REQUIREMENTS

5.1 Metrication, Units and Measurements
5.2 Isotope Transport Package: Measurement of Deceleration during
Drop Test
5.3 Thermal Tests of Radioisotope Transport Containers
6. JOURNAL AND CONFERENCE PAPERS, REPORTS

2
17
18
18
18
20
21
21

22
23
25
30

30
32
33
34

34
34
35
35

6.1 Journal Papers
6.2 Conference Papers
6.3 Internal Reports

35
36
37

Figure 1

39

Four Regimes of Post-Dryout Heat Transfer

1. INTRODUCTION

The investigational work of the Engineering Research Division is reported
under five main headings:
1.

Energy-related research

2.

Research-reactor-related investigations and assessments

3.

Nuclear methods for measurements on fluid flows

4.

Signal processing and noise analysis

5.

Services to meet Site needs

The main activity continued to centre on heat transfer and fluid flow,
most of this work falling into the category of 'thermohydraulics1. Even those
fluid mechanics experiments which nominally have no heat transfer, such as
turbulence in subchannels and measurements of two-phase flows, are in reality
closely related to heat transfer processes because of their relevance to heat
removal systems based on fluid flow.
Investigations relating to power reactors concerned the thermohydraulics
of safety containment and of physical processes which are safety dominant and
also limit performance. The latter case applies both to boiling burnout in
water cooled reactors and detailed fluid transfers in subchannel flows in
power reactors of all types. Both of these subjects are being actively
investigated.
The work on the thermohydraulic aspects of containments for water cooled
power reactors has been related to internationally based work in this field
through the OECD/NEA Committee on the Safety of Nuclear Installations (CSNI).
In particular, there has been active participation in internationally
coordinated calculations of a specified prospective experimental investigation
(later performed in Germany), to which the AAEC made a significant
contribution. This was the containment analysis standard problem (CASP).
Experimental measurements made in the blowdown and containment test rig, and
subsequent interpretative analysis, especially as related to heat transfer
coefficients, provided background experience which greatly helped to guide the
analytical processes for CASP.
Concerning the AAEC's responsibilities in the area of research reactors,
experimental tests and associated assessments were performed in relation to
the thermohydraulics of the emergency core cooling system (ECCS) for HIFAR.

Boiling burnout and flow instabilities in the subchannels of pool-type fuel
elements as might be used in a new research reactor were also investigated.
There was considerable growth in diversification areas, including
especially signal analysis, particularly as related (in collaboration with
Materials Division) to the monitoring of acoustic emissions from propagating
cracks in structures. Expertise in this area was also used to develop further
automatic and high-speed data-acquisition equipment for ERD thermohydraulic
experiments.
Other areas of diversification included the continuing
development of investigations in the fields of analysis relating to the
control of mineral-ore processing plant, and assessment and experimental work
on solar energy. In fact, essentially all ERD's expertise can be diversified
into fields of industrial and commercial interest, in energy-related or nonenergy areas if the recommendations of the NEROOC Review Committee result in a
decrease in emphasis on investigations connected with nuclear power reactors.
2. ENERGY RELATED RESEARCH

2.1 Heat Transfer and Fluid Flow
2.1.1

Single-phase flow
Fluid flows in reactor fuel-rod subchannels:
development of theoretical analysis
[J.D. Hooper]

The ROFLO code, developed at Lucas Heights, is based on the eddy
diffusivity concept of model turbulence, and predicts detailed flow and
transfer processes.
However, the distribution of the six turbulent Reynolds stress
components, together with secondary flow effects, cannot be predicted by an
analysis based upon a model of this type. To account for these quantities
either a first order (k-a) model of turbulence is required, or some higher
order model involving a closure of the Reynolds stress equations. The (k-a)
model is based on the local turbulent kinetic energy k and a fluid length
scale &, and can simulate both the diffusion and transport processes in
turbulence. The (k-*) model will bt- used initially to extend the ROFLO code,
although the experimental turbulence data show some features that would
require the higher order Reynolds stress closure. Only preliminary work has
so far been initiated.

These details of the code were submitted to the OECD for incorporation in
the Nuclear Safety Research Index under the Fast Reactors category.
Measurement and analysis of fluid flows in rod cluster subchannels
[O.D. Hooper, W.J. Crawford]
The six-rod cluster air rig models the fluid dynamics of a single phase
coolant which is flowing through the core of a nuclear power reactor. The
apparatus was operated at two rod spacings during the reporting period; at
rod pitch-to-diameter ratios of 1.194 and 1.107, typical of the rod spacing
employed by the fast reactor type, which the rig models at about 30 times full
size.
For a range of flow rates, detailed measurements were made of:
. the average mean flow variables; velocity and wall shear stress,
using impact-tube sensors, and
. the six turbulent or Reynolds stress components, using hot wire
anemometers.
Although the mean radial velocity distribution could be represented by
well established models of the velocity distribution of turbulent flow in a
duct (the 'law of the wall'), for both geometries, significant changes
occurred in the turbulent flow structure as the rod spacing was reduced.
Nevertheless, examination of many published empirical mixing experiments
indicates that, despite these changes, the actual mass transfer between the
adjacent flow areas or subchannels depends only weakly on the rod gap width,
over a wide range of rod spacings.
Fluid mechanisms additional to turbulent diffusion, must therefore act to
promote mass, heat and momentum exchange through the rod gap. Secondary flow
is considered the main additional mechanism of transfer, although previously
reported results for rod bundle flow do not directly resolve the secondary
flow patterns.
Four methods of identifying secondary flows were tested. Of these,
static pressure mapping in a plane normal to the duct axis showed most
promise. The other three methods - direct secondary flow measurement by
inclined wire hot wire anemometry, tracer gas injection, and measurement of
regions of significant correlation between the two turbulent velocity
components in an axial duct plane - showed, at best, limited resolution.

The precision measurement of the static pressure distribution in a plane
normal to the duct axis of the cluster showed a distinct change in the
secondary flow cells in the gap region as the rod spacing was reduced.
This method of secondary flow detection, not previously reported in the
literature, should have application in the analysis of the entry region and in
measurement of the recovering flow after partial subchannel blockages.
2.1.2

Two-phase flow
Basic studies of two-phase flow
[K.R. Lawther, D.R.H. Beattie]

Thermal non-equilibrium in vapour/liquid flows is caused by non-uniform
phase and temperature profiles, and local temperature differences between the
phases. The first component has been quantified as part of previous work in
this project. During the past year, work has concentrated on quantifying the
second component, which predominates under low velocity post-dryout heat
transfer conditions. This work is still in progress.
Analysis of experimental data from the literature has verified that, with
some exceptions, the basic theoretical concepts of two-phase flow structure
developed in the project apply in general to such non-reactor conditions as
sub-atmospheric pressure, cryogenic systems and foam flows.
Results from this project continue to gain international recognition. At
least twenty publications from overseas, originating from seven countries,
have used or referenced the work of this project.
Investigations of two-phase flow at high qualities
[K.R. Lawther, D.R.H. Beattie, C. Evans]
Data obtained from experiments performed during the previous year (1978)
on the AAEC heat transfer rig ACTOR with Freon-12 as coolant, are still being
analysed in relation to locally-developed theoretical concepts concerning
two-phase pressure loss, critical heat flux and heat transfer coefficients.
Preliminary indications from the analysis are that
;
*
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. an assumed coupling between critical heat flux and frictional
pressure loss is substantiated;

. the expressions developed for pressure loss due to friction and
flow channel contractions apply except at extreme conditions; and
. considerations relating to thermal non-equilibrium apply only for
high velocity flows.
Detailed analysis of the data for adiabatic two-phase flow, downstream of
a flow contraction, indicates the presence of bubble nucleation at the wall,
which can be explained as vapour formation caused by flashing. This is
supported by an analysis of published data for similar flow conditions.
Two-phase flow instabilities
[R.W. Harris, T.M. Romberg]
Hydrodynamic and vibration measurements recorded on magnetic tape from
previous experiments on the TOPSY* rig were analysed using MI SO (multiple
input, single output), a multivariate spectral analysis program. This
analysis demonstrated the viability of using vibration signals, with
appropriate signal processing, to detect hydrodynamic instabilities in heated
channels.
The flow stability experiments reported in Romberg's Ph.D thesis (1978)
were subjected to further detailed analysis with the MI SO code and the LOCO
hydrodynamic stability code.
Following discussions with Reactors Department, a special version of the
LOCO code was developed to facilitate the thermal/hydraulic performance
calculations for the new reactor feasibility studies.
2.1.3

Boiling burnout
[K.R. Lawther]

Correlation of boiling burnout data for water-cooled
rod clusters; BACE computer code
[A.G. Chapman, N. Hargreaves, D. Paton]
The BACE compilation of experimental data for burnout in water-cooled rod
clusters has been extended by the addition of more data for multirod bundles
and by the inclusion of some selected data for annular channels, which may be
* TOPSY: An atmospheric-pressure test loop in which Freon-113 is
recirculated through up to five parallel channels (glass tubes of 2.5 cm
bore with concentric 1 cm dia.)

regarded as extreme cases of rod bundles. The compilation now contains the
results of over 12 000 burnout tests on water-cooled channels with heated
rods. Further expansion of the data bank was deferred in February 1979 so
that a full description, now almost complete, could be prepared for
publication. Some processing of data in preparation for future additions to
the data bank has, however, continued.
To obtain the information required for a full description of the data
bank and to allow its content to be classified in terms of the conditions
represented, the capabilities of the computer search program have been
considerably extended and additional information has been inserted in the data
bank itself. The number of different quantified variables (e.g. pressure,
flow, power, etc.) that the search program can handle has been more than
trebled to eighty, and it can now also search for many other attributes, such
as rod pitch arrangement, profile of the axial distribution of heat flux, and
the presence of abnormal features (e.g. a bowed rod or eccentric positioning
of the rod bundle).
A new computer program has been developed to determine and tabulate the
distribution of data over regions defined by up to six variables considered
simultaneously. These tables indicate how much of the data bank is relevant
to conditions of particular interest, information v/hich cannot be obtained
from histograms showing the distribution of tests over the ranges of single
variables.
Theoretical aspects of modelling boiling water burnout
The very limited effort which could be spent on this project has again
permitted no more than a watch on the literature. This has revealed that some
progress has been made in predicting boiling burnout conditions by using
theoretical models for annular two-phase flow conditions, and that there is an
increasing number of papers in the literature (from the USSR in particular),
aimed at a better understanding of the burnout phenomenon and the relevance of
associated pressure loss characteristics. However, in spite of bhis effort
with phenomenological models, burnout modelling experiments still depend upon
empirical scaling.
Experimental tests of burnout scaling techniques using
water and Freon-12 in the same annular test section
[A.6. Chapman, N. Hargreaves, J. Stevens]
This project has had to be postponed until the radioisotope tracer
dilution experiment, which now occupies the high pressure water rig, is
completed. However, some further analysis and checking of the experimental

data already obtained using Freon-12 have been carried out.
Tests of burnout scaling laws using Freon-12 in round tubes
[J-R. Stevens]
No further experimental work has been performed and none is at present
proposed, but some additional analysis of the data obtained previously has
been carried out towards preparation of a report in which the data will be
presented.
Tests of the extension of burnout scaling techniques
to burnout tests in Freon-113 and Freon-114
[J-R. Stevens]
Because of the current program of work now occupying the ACTOR Freon rig
on post-dryout heat transfer, the test program foreshadowed in the 1978 report
has not yet begun.
2.1.4

Transient heat transfer and dryout
Experimental investigation of burnout during
flow reversal in water-cooled systems
[K.R. Lawther, A.G. Chapman, N.D. Hargreaves]

An important hypothetical loss-of-coolant accident In a water-cooled
nuclear power reactor is one where the 'cold leg1 (I.e. the input flow to the
core) is ruptured and the core flow rapidly falls to zero and reverses. The
prediction of fuel temperatures under these circumstances requires a knowledge
of fuel-pin dryout conditions and post-dryout heat transfer coefficients at
low flow rates. 'Steady-state' post dryout heat transfer, corresponding to
the low flow rates occurring in the core just before flow reversal, is being
investigated in a separate project, which at present uses Freon-12 as an
analogue of water to produce simpler test conditions. These experiments may
be extended later by performing tests in the water loop.
The planned experiment on dryout during flow reversal will explore how
the information obtained from these steady-state tests should be modified to
take account of the transient conditions, under which dryout is expected to
occur at a significantly higher power than the steady-state measurements
indicate.
All the equipment required is on hand and the major items (quick-acting
valves) have been installed ready for use in the Hippo high-pressure water
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loop. The experiment awaits the availability of the loop, which is at present
assigned to the measurement of two-phase flows by the radioisotope tracer
dilution method.
Heat transfer coefficients and critical heat fluxes at low flow rates
[K.R. Lawther, W.J. Green, J.R. Stevens, C. Evans]
In 1978 a uniformly heated tube test section was used to investigate
post-dryout phenomena with a flow of Freon-12 in the heat transfer test
facility ACTOR. Similar experiments, performed in 1979, used non-uniformly
heated test sections and covered a range of coolant pressures.
An analysis of these results, performed by the computer code THETRAN, has
confirmed the general findings derived from examination of the uniformly
heated test section data. These include the identification of four regimes of
post-dryout heat transfer [Figure 1]:
. a transition boiling regime in which the heat flux decreases from
the critical value (CHF) with an increase in wall surface
temperature;
. a minimum heat flux film boiling* region in which the heat flux
may be virtually constant over a substantial range of wall surface
temperatures;
. an intermediate film boiling regime; and
. a high surface temperature film boiling regime.
Empirical formulations of the heat transfer coefficient have been
developed for the final three stages.
The more extensive data from this later work showed that the empirical
correlation (developed from the earlier data) for the minimum post-dryout heat
flux region is valid only if the ratio of this minimum heat flux to the
corresponding critical heat flux is less than about 0.65.
Furthermore,
although the correlations postulated for the intermediate and high temperature
post-dryout stages continued to be reasonably valid for some test conditions,
they had to be reformulated to cover the more extensive range of data
obtained.
* Film boiling implies a film of vapour, not liquid, on the tube wall: the
term is used for all post-dryout processes in which water is mixed with
the steam and the wall is essentially dry.

Unfortunately, although empirical correlations for
transfer have been established with a good degree of
prediction of the onset of dryout, using critical heat
currently available, is still unsatisfactory. To resolve
critical heat flux data are being obtained for the coolant
the post-dryout investigations.

post-dryout heat
accuracy, precise
flux correlations
this, experimental
conditions used in

Combination of heat transfer codes THETA1-B and HEATRAN
[K.R. Lawther, W.J. Green, W. Jacobs]
The TKETRAN code is suitable for analysing heat transfer data from
experiments in which an electrically heated tube is subjected to a rapid
change in power input at the same time as heat is removed by an internal flow
of coolant at a constant mass flow rate.
Transient heat transfer from a solid to a fluid is modelled for flow
boiling conditions in which dryout occurs and post-dryout conditions result.
The model assumes that thermal equilibrium applies for the coolant at each
axial location, that its local mass flow rate is not spatially variable (i.e.
does not vary along the channel), and that either mass flow rate is
independent of time or pressure is spatially constant. The one-dimensional
coolant energy and heat transfer equations used in THETA1-B were combined with
the two-dimensional transient heat transfer code, HEATRAN, by matching the
interface parameters (surface temperature and heat flux) at the solid/fluid
interface.
An updated version of this code, which allows axial variation of pressure
within the coolant, has now been adopted as the standard form. Any further
updating will be treated as modifications of this version. Verification of
the optional procedures for solving the energy equation for the coolant has
also been completed.
The code has been successfully used to analyse and interpret post-dryout
experimental data from the AAEC Freon-12 heat transfer test facility for a
non-uniformly heated test section.
An AAEC report being prepared will show how the codes THETA1-B and
HEATRAN have been combined, fully describe the new options included with
respect to forced convection heat transfer characteristics of the coolant, and
detail the assumptions made in the mathematical equations which represent the
system. The report will also include a test case showing how input data are
specified.
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Information on this new code has been supplied to the Nuclear Safety
Research Index of the OECD Nuclear Energy Agency.
Computer code development -PODOAN - (POst DryOut ANalysis)
[K.R. Lawther, W.J. Green, W. Jacobs]
In the safety analysis of water cooled nuclear reactors, knowledge and
correlations relating to post-dryout heat transfer processes are very
important for predicting fuel element temperatures. Because of this, many
experimental and analytical studies are being undertaken to understand and
explain post-dryout phenomena. These studies have led to the formulation of
four main categories of correlations:
. those based empirically on the single phase Dittus-Boelter heat
transfer correlation, e.g. Miropolskii,
. those derived from dimensional analysis techniques,
. those based on models of the heat transfer processes occurring
both in the two-phase mixture and at the heated wall,
. those which take account of thermal disequilibrium between water
droplets and superheated vapour.
The objective of PODOAN is to codify all these correlations in order that
they may be easily compared against experimental data and possibly provide
insight into post-dryout heat transfer phenomena.
Initial code development has been directed towards constructing a
flexible set of subroutines capable of
. reading data in a form suitable for use in different types of
post-dryout film boiling correlation;
. determining the coolant properties of either Freon-12 or water at
the appropriate fluid conditions; and
. providing output in numerical or graphical form.
The subroutines have been formulated and combined so that either
empirical or theoretical post-dryout film boiling correlations can be readily
included.
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To verify that the basic subroutines are functioning correctly, one of
the empirical correlations (Miropolskii) has been linked into the input/output
routine.
Thermohydraulic processes in electrically-simulated nuclear excursions
[R.W. Harris.A.G. Cassar, M. Hincksman, K. Innes, D. McColm]
An extended description of the objectives of this investigation (heat
transfer rates at fuel plate surfaces during reactivity transients) and the
apparatus being developed (electrically heated test-strip immersed in a tank
of water) was given in PR44-P (Section 4.17), and a brief account of the
developments necessary to effect the associated electrical measurements was
presented in PR45-P (Section 4.10). Effort has again been concentrated
entirely upon the electrical measurement aspects;
three principal
investigations were performed:
(a) A computer-based method was devised, and programs written and
tested, to eliminate the inductive component of the voltage across
the series resistor (colloquially called a 'shunt'), and so separate
the resistive component to enable the current in the resisto** to be
deduced as a function of time.
(b) The novel type of two-component series-resistor concept, in which
inductive effects are eliminated by a more direct method, has been
developed to the stage of technical design.
(c) A method has been devised which uses a commercial inductance bridge
to measure values of inductance close to the lower limit of its
capability, by placing the low inductance to be measured (i.e. the
test element, 60 x 15 x 0.15 mm) at the end of a transmission line
of variable length. Measurement of (line + strip) inductance for
various lengths of line has made it practicable to obtain a
sufficiently accurate value of the strip inductance by extrapolating
the plot of (line + strip) inductance back to zero line length. A
report is in preparation.

2 1.5 Slowdown and containment
Participation in OECD-CSNI containment safety studies
[J. Marshall, P.G. Holland]
The Blowdown/Containment Group participated in the OECD-CSNI containment
analysis standard problem (CASP) No.l, in which details of an experiment at

the Battelle-Institut, Frankfurt, were circulated to member countries. The
experiment concerned a pressure vessel blowdown into six interconnected
compartments of a large containment model. The participants were to calculate
the consequent transient pressure and temperature distribution throughout the
system, using codes intended for nuclear reactor design and safety studies.
The intention of the exercise was to test the codes, to provide information on
margins of safety and to improve calculational methods.
The AAEC used the German code ZOCO V which had been obtained from ISPRA,
and had already been partly commissioned, including a translation of the code
handbook. This code is intended for use on interconnected multi-compartment
systems and so is particularly suitable for this type of problem. Some
preliminary work had to be done to become more familiar with the code and to
obtain output data suitable for CASP requirements. The experiment was
eventually analysed with reasonable satisfaction, giving a predicted pressure
rise about 10 per cent higher than that measured.
The computed data, together with a report on the results and the
experience with the code, were distributed at a workshop on the problem in
Munich, September 1979, which unfortunately the Australian representative
could not attend.
The OECD/NEA Nuclear Safety Division has invited the AAEC to participate
in a second CASP. This is based on a special Battelle experiment which starts
with a pressurised water blowdown within the same facility as used in the
previous standard problem but with a different arrangement of compartments.
The period for analysis of this problem is February until September 1980.
Reactor-accident code RELAP
[I.F. Mayer, J.R.T. Rodd]
The US computer codes in the RELAP series, which have been used at Lucas
Heights since 1972, were developed to investigate the thermal-hydraulic
transient behaviour of water cooled power reactors under conditions of, for
example, loss-of-coolant, pump failure, or nuclear power excursions. A
thorough analysis of the main structure of one version of this very large and
complex code was carried out early in this period on RELAP-3 so that its scope
of application and its limitations could be properly understood. RELAP-3 was
superseded by a substantially modified and even larger version, RELAP-4; the
latest variant of this at present in use at Lucas Heights is RELAP-4, Mod 5.
A considerable contribution to the successful commissioning of this version
was made by the AM and C Division which also has tesced Mod 6 on the sample
problem accompanying the code. However, Mod 6 has not yet been fully
commissioned, mainly because of the considerable effort needed to implement
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the graphics features.
RELAP-4 is claimed to be quite general in applicability and suitable for
analysis of,
for example, test loops and hydrodynamic experiments.
Application at Lucas Heights of Mod 5 to problems much different from power
reactor systems has provided useful insight into the behaviour of, for
example, small volume high pressure blowdown experiments and medium volume low
pressure research reactor systems. It has also been used at Lucas Heights in
its more usual role to analyse hypothetical loss-of-coolant accidents in power
reactor systems (e.g. Indian Point 2). One important application of this was
to provide the thermohydraulic input data to the associated heat transfer code
THETA1-B in order to carry out a sensitivity study relating to the heat
transfer behaviour in the reactor core during a loss-of-coolant transient.
This work has led in turn to an experimental program to investigate the
associated low flow and steam heat transfer conditions.
The RELAP codes, which are limited to a relatively simple one-dimensional
treatment of fluid dynamics aspects, are now supplemented and may be
superseded, at least in part, by a more advanced code series of wide
applicability, TRAC (transient £eactor .analysis code), a version of which was
released in May 1979 and is now being independently evaluated. This code has
a number of improved features, including a non-homogeneous multi-dimensional
fluid dynamics treatment, non-equilibrium thermodynamics, detailed heat
transfer and reflood models. It has also a set of flow-regime-dependent
expressions ('constitutive equations') for such coolant flow properties as
effective viscosity, steam slip and friction factor, for use in the
thermohydraulic relationships employed to evaluate the detailed physical
processes occurring under accident conditions. Consideration is being given
to the desirability of implementing an appropriate version of this code on the
Lucas Heights computer facilities.
Use of CONTEMPT for analysis of pressure rise in containments
[J. Marshall, P.G. Holland]
Recent work using the US computer code CONTEMPT has been confined to
calculations relating to a proposed pressure suppression experiment. The code
originally gave large oscillations in dry well pressure and also premature
termination of the calculations for a certain range of vent pipe immersion
depth. Both these effects were overcome by taking sufficiently small time
steps (less than about 5 ms).

14

Development and use of HOTPOT
[J. Marshall]
No further development of the HOTPOT code
period. Its use may be Invoked and possibly
appropriate research investigation arises, e.g.
results from the more complex ZOCO code when used

has been made during this
the code extended when an
to provide comparisons with
for two-compartment tests.

HOTPOT has been included in the OECD Nuclear Safety Research Index as a
code useful for small computers and for rapid preliminary surveys, but it
cannot be offered to the NEA Code Library until it is suitably documented.
Slowdown experiments using Freon-12
[J. Marshall, V. IIic]
In order to determine whether Freons could be employed as models for
water in investigations of blowdown and containment processes, consideration
has been given to performing some blowdown tests using Freon-12 in place of
water in the existing water/steam blowdown test rig.
Possible advantages of using Freon-12 to model steam/water
include the following:

processes

(a) at room temperature, the vapour pressure of Freon-12 is
. high enough to produce a useful blowdown effect (but much less
forceful than in the real situation),
. low enough to enable glass vessels and ducts to be used so that
optical observation of all or most of the process stages is
feasible, and to ensure that metallic pressure components are
of modest dimensions and cost;
(b) the latent heat of Freon-12 is much lower than that of water, so
that less heat is needed to produce a given amount of vapour; and
(c) Freons have good electrical insulation properties, so that, for
example, capacitance void monitors are feasible and current leakages
from direct electric heaters into bare thermocouples present no
problem in regard to instrumentation.
One practical difficulty with Freon-12 is that it is a vapour at room
temperature, so that to obtain comparable back-pressure, the receiver or
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'containment1 vessel must be cooled, e.g. by using a stack of pre-cooled
copper plates inside the receiver vessel.
A study was made of the pressure conditions which would arise in the
absence of special cooling provisions. If the 2000 L receiver vessel is
initially evacuated, and the Freon-12 in the 14 L source-vessel is assumed to
be at 60°, at which the pressure is 1.5 MPa (15 bars), the pressure throughout
the system at the end of the discharge would be 50 kPa (0.5 bar). Although
useful trials may be performed under these conditions, none is at present
being planned.
Development of test rig for experiments on blowdown
of steam/water into a containment
[0. Marshall, P. Holland, C.E. Campbell, E. Clarke, D. Paton]
Various modifications and additions to the blowdown rig have been made,
e.g. a circulating pump has been developed and installed to circulate the high
pressure water around the previously stagnant outlet pipe; tapping points
have been installed in the 14 L high pressure vessel; the system for
measuring the mass of liquid in the high pressure vessel has been modified by
increasing the size of pipe connection to the vessel; and extensive
improvements have been made to the instrumentation wiring.
Heat transfer to reactor containment surface
[0. Marshall, P. Holland, W.B. Woodman, E. ClarkeJ
An important factor governing the pressure rise in a dry containment is
the heat transfer from the incoming high-energy steam/water fluid to the
containment walls. This heat transfer will vary widely over the surfaces,
depending upon the fluid conditions at each point, particularly the air-tosteam ratio and the fluid velocity. However, computer codes for estimating
the pressure transient generally use lumped models in which an instantaneous
heat transfer coefficient, averaged over all the relevant surface area, must
be employed. These are usually derived from steady-state experiments where
the conditions may differ considerably from those of an actual containment.
Consequently, they have been found not to give good fit in pressure rise
calculations.
The present work has attempted to measure directly the heat transfer
coefficient transients at a point in a containment during a blowdown, to
relate this to the transients typically calculated, and to test whether
alternative schemes might predict more accurate containment pressure
transients. The blowdown/containment rig and the heat transfer transducer
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used in these experiments have been described previously, together with the
locally developed simple blowdown/containment code HOTPOT, and the heat
transfer analysis method (PR44). By late 1978, all these were sufficiently
developed to be adequate for the proposed experiments.
Measurements of containment heat transfer and pressure transients have
now been made over a range of initial conditions as follows:
Pressure vessel* pressure (saturated)
Water mass
Outlet flow restricter diameter
Containment* air pressure

7 - 10.4 MPa
6.8 - 8.6 kg
2 - 8 mm
2.6 - 101 kPa

*Pressure vessel volume = 14 L; containment vessel volume = 2000 L
The containment surface temperature varied greatly, depending on both
position and time, so that the measured heat transfer values could not be
taken directly as an average for the whole surface. However, because the
transducer was deliberately placed in the hottest part, the shape of the
transient was highly relevant to that required to estimate the pressure
transient. This shape was quite different from that derived in normal
estimates and was similar to that of the energy inflow transient. When such a
criterion was used in HOTPOT a much better fit to the measured pressure
transient was achieved. In most conditions, the initial average heat transfer
value required to give pressure transient fit in HOTPOT was about a fiftieth
of that measured at the hot spot, with subsequent transient values being
proportional to input energy flow. It was possible to obtain a correlation
between the initial value required and the initial parameters of the system.
At this stage this is limited to the experimental arrangement used, although
it is based on existing parameter groups which have been used for a wider
range of application.
Tests of pressure suppression in containments for water cooled reactors
[J. Marshall, P.G. Holland, E. Clarke]
Most of the equipment has now been obtained which will enable further
modifications of the existing blowdown and containment rig and so facilitate
testing of a small-scale pressure suppression type containment system
(analogous to those used for BWR reactors). In these systems, the efflux
arising from a postulated loss-of-coolant accident is ducted into a water pond
to ensure rapid and thorough extraction of energy and hence minimise the
pressure rise in the containment.
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Pressure and flow characteristics In choked two-phase
flow during steam/water blowdown
[J- Marshall, P. Holland, W.B. Woodman]
The new choked flow test section has been received and used in a blowdown
experiment. The pressure distribution indicated choking at the inlet, which
was quite different from that observed in the previous test section which
indicated choking at the outlet. This has still to be investigated. Some
preliminary work has been carried out in testing the electrical impedance
voidage gauge, but could not be continued because of other demands. A drag
disc flowmeter has been ordered but not yet received.
2.2

Pipework Stresses and Strains
[J.F.

2.2.1

Whatham]

Effects of flanges on the flexibility of pipe bends

The following further developments have been made in the stress-analysis
investigation of the flexibility of pipe elbows:
(i)

An analytical solution has been obtained for the in-plane bending of
curved pipes having symmetrically out-of-round cross sections (i.e.
each side of the pipe cross-section is a mirror image of the other;
sideways deflection is thus avoided).

(ii) The analysis of flanged bends subjected to flange forces which act
across the pipe providing in-plane bending has been verified by
comparing results with those from a bending moment solution (PR45 P,
Section 4.14), which had in turn been confirmed by experiment. This
is possible because the flange movement produced is directly related
to that produced by a bending moment.
(iii) A report received from the University of Strathclyde gave results
of deflection and stress measurements on three different flanged
elbows subjected to bending. These bends were then analysed, using
the methods developed in this project, and the results were returned
to the university and the reply was received that these compared
reasonably well with the experiments.
A Ph.D thesis on this work is almost complete and is expected to be
submitted to the University of NSW in August 1980.
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2.3 Steam Cycles
[G.A. Tingate]
2.3.1

Analytical studies of saturated steam cycles

Considerable checking and refining have led to improved empirical
equations for the regenerative cycle efficiency. The main improvement was
effected by adding, as a variable, the feed pump efficiency, so eliminating
the only remaining approximation in the model, which is now thermodynamically
correct.
The draft of the report is proceeding concurrently, and the target date
for its completion is the end of October 1980.
2.4 Solar Energy
[I.F. Mayer, J.R.T. Rodd, N. Reed, K.J. Sweetman, A.K. Ozolins]
2.4.1

Total-energy solar power system for remote dwelling

Review and development of the general concept of the TERRESSOL project
(total .energy £equirements of a .residence or other small energy-consuming unit
from .solar energy) has continued.
A case was presented to NERDDC for additional support for the
experimental development of this project. Although the project was placed on
a list of items potentially meriting support, no funds were made available.
A limited amount of experimental development was undertaken to design,
construct and commission a heat transfer loop using an organic fluid, Thermex,
as the heat transfer medium to remove heat from the focal zone of the sunfollowing mirror, 2.4 m dia.
2.5 Nuclear Fusion
[G.W.K. Ford, J. Marshall, K.R. Lawther, R.W. Harris, J.D. Hooper, V.
IIic, H.J. Woodley, A.G.J. Cassar, A.M. Wainwright (Engineering Services),
D.J. Burt (Engineering Services)]
Possibilities for fusion-related investigations
During 1978, interest in fusion-related research seemed likely; however,
later in the period under review this appeared not to be the case.
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Selective surveys and studies were made of the literature relevant to the
technology of prospective fusion reactors, and of plasma-physics research
machines, and visits were made to the research establishments at Culhara and
Harwell, to identify relevant investigational work suited to the skills and
facilities of the Engineering Research Division.
The British investigators strongly recommended helium gas as the most
practical and effective agent for transferring and transporting heat from
magnetic-containment fusion reactors. Helium gas seems to have thermal power
performance capability in the range 5 to 10 MW(th) per square metre of firstwall area whereas in liquid metal cooled systems, electromagnetic drag
effects appear to limit the feasible ratings to values falling below this
range.
Design problems needing engineering research included the hydraulic
performance of successions of concentric-geometry T-pieces necessary for
manifolding the supply-and-return helium circuits, at high pressure (e.g. 6
MPa (60 bars)) and temperature (e.g. 300°C inlet, 650°C outlet), associated
with each of the 2500 or so blanket cells. However, since many of these
problems are design-specific, to find research investigations appropriate to
implementation at Lucas Heights it would probably be necessary to seek out
more generalised questions.
A preliminary investigation was made, with the considerable assistance
and encouragement of officers of the Plasma Physics Department at Sydney
University and assistance from Engineering Services,* into the practicability
and potential usefulness of building a small tokamak machine. This was to be
of a type used in several universities; however, the ex-submarine lead-acid
battery system of the Engineering Research Division was to be used to provide
the energy pulses for the main toroidal field, and some fast-transient
instrumentation, already available in the Division, was to be used for plasma
diagnostic purposes. The concept was eventually abandoned because of its
relatively low priority. Although the plasma in this machine would have
reached, at most, electron temperatures of around 200 eV, the machine would
have provided development and research experience possibly relevant to the
later development of a larger Site-project machine in which temperatures more
directly relevant to fusion physics research (> 1000 eV) would have been a
major objective.
Limited reviews of literature were undertaken in relation to some
specialist areas of fusion reactor technology, including loss-of-coolant
accident considerations in superconducting magnets and plasma heating with
* ESD produced complete manufacturing drawings for the toroidal vacuum
vessel.
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neutral beams.
2.6 Risk and Reliability Analysis
[A. Bicevskis]
2.6.1

Risk Analysis

Work was continued on developing a coordinated approach to risk
assessment and setting of cost-effective safety standards.
A poster paper on the risks of electricity generation, summarising the
main arguments, was presented at the First National Conference of the
Australian Institute of Energy. The paper outlined the advantages of a
quantitative comparison of risks associated with various methods of
electricity generation. Even with due allowances for the approximate nature
of some of the estimates, the evidence is convincing that most of the
present-day large-scale methods of electricity generation (fossil-fuelled and
nuclear power stations), if built and operated in accordance with current
standards, give rise to relatively low health risks to the community by
comparison with other industrial and domestic risks.
The paper also referred to a study of the so-called 'free' energy
sources, such as solar and wind power, which are very costly in terms of the
high investment in raw materials and energy required for their implementation.
If the corresponding risks are also included there appears to be little
justification for promoting such schemes as a means of reducing the overall
safety hazards to society.

In general, risk analysis indicates that, in many cases, the risks as
perceived by the general public differ from objective best estimates. This
creates a dilemma if greater public participation is sought in project
decisions related to alternative sources of energy.
2.6.2

Reliability Analysis

No further investigations were pursued on reliability analysis apart from
maintaining awareness of the latest developments as far as they affect reactor
safety and risk analysis.
An overview paper on reliability in nuclear power plants was presented to
an Institution of Engineers' Symposium. This paper stressed the fundamental
importance of sound engineering principles and practice in achieving both high
reliability in safety-related equipment and high availability of the entire
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power plant in order to produce power, both safely and economically.
Mathematical reliability techniques play a progressively more significant
role for making design and operational decisions. Their usefulness is
greatest when dealing with a significant number of identical items. In
general, a reasonable amount of data is available on mass-produced electrical
components, but in relation to heavy plant items the numbers of identical
units are usually limited so that reliability statistics have less value.
3. RESEARCH REACTORS
3.1 HIFAR

3.1.1

Monitoring vibrations of HIFAR pumps
[R.W. Harris, M.J. Hincksman, D. McColm]

No progress has been made on this project because of the difficulties
encountered in maintaining the integrity of the landline from HIFAR to the
Noise Analysis Laboratory. This appears to have been due, at least in part,
to the physical operations within the HIFAR containment which have caused
disruption to various electrical connections between the vibration detectors
and the landline. This situation has been exacerbated by the shortage of
technical staff.
3.1.2

Drop time characteristics of HIFAR coarse control arms
[R.J. Blevins, W.E. Carr, J. Marshall]

The HIFAR Safety Document Working Party recommended that measurements
should be made of the angular displacement of the HIFAR coarse control arms
(CCA) as a function of time following magnet releases. Preliminary tests were
made in 1977 but minor deficiencies were found in the equipment. Most of
these were rectified satisfactorily but a trial in the pond in 1978 revealed
some hysteresis in the characteristic of the CCA position measurement which
was eventually attributed to mechanical fouling of the transducer plunger.
Further modifications were made and successful calibration trials were made in
May 1979. The required measurements were finally made in HIFAR during the
shutdown of July 1979. The results are currently being analysed anu prepared
for formal reporting.
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3.1.3

Effectiveness of thermohydraullc aspects of emergency core cooling
system 1n HIFAR
[I.F. Mayer, J.R.T. Rodd, V. Hie, K.J. Sweetman]

Some minor development of apparatus has
experimental work. A major reason for this low
obtaining access to a German report on tests
achieving the same objectives as this project.
August and assessment of it is proceeding.

continued but very little
level of effort was delay in
at Julich which aimed at
The report was received in

One very simple preliminary test of the effect of upflow of steam,
generated during the heat transfer process, on the downflow of the water film,
was performed using air as a model for steam in a flat-plate near replica of
the top portion of a HIFAR fuel element- This test seemed to indicate that
steam upflow would not adversely affect the water injection process, but more
detailed work would be needed to confirm this result.
3.2 New Reactor
3.2.1

Core heat transfer limits for isotope production and research reactor
[K.R. Lawther, A.G. Chapman]

In connection with considerations of uprating the core of the French
SILOE reactor design from 35 to 50 MW, and the possible need to use low
enrichment fuels, previous calculations of burnout and flow stability limits,
for various combinations of fuel plate thickness and spacing, were extended in
range and detail, and were also revised to take account of amended values of
available pressure drop across the fuel elements. An internal report was
prepared presenting the results. However, some discrepancies between the AAEC
and French calculations could not be resolved without more detailed
information on the SILOE design.
3.2.2

Heat sink studies for isotope production reactors
[K.R. Lawther, J.R.T. Rodd, A.G. Chapman]
No further work has been carried out on this project.
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3.2.3

Experimental evaluation of threshold power for two-phase flow
Instability in Isotope production reactor
[I.F. Mayer, J.R.T. Rodd., V.W. Cornford]

As explained in earlier reports [PR44-S Sections 3.12 and 3.13], a test
rig has been built to study phenomena which set an upper limit to the
permissible operating power in low-pressure water cooled reactors, such as the
French-designed SILOE reactor and HIFAR. Effects that can be studied include
boiling burnout, heated test section pressure drop (for prediction of
excursive flow instability onset in a reactor), and thermohydraulics of the
transition from forced- to natural-convection flow (resulting from loss of
power to rector coolant pumps). To date, only the first two effects have been
studied.
A large number of burnout and pressure drop measurements have been made
on round tube test sections. These have length, hydraulic diameter, thermal
diffusivity and thermal capacity similar to a coolant channel of the French
SILOE reactor, (i.e. aluminium tube, 610 mm heated length, approx. 6 mm OD,
4.42 mm ID; inlet flow velocity 1.9 to 5.3 m s , inlet temperature 13 to
33°C. Burnout powers, as recently measured, agree well with published
correlations, but earlier experiments yielded significantly higher burnout
powers. The cause of this discrepancy is being further investigated.
Difficulties with the power supply control have been overcome with the
development of a water rheostat.
3.3 Seismic Studies
[R.W. Harris]
3.3.1

Monitoring Seismic Effects at Lucas Heights
[I.A. Mumme, K.W. Innes, G.W. Herfurth, D.D. McColm]

Assessment of the factors relating to the siting of nuclear plant should
include an estimation of probable return frequencies and magnitudes of the
ground movement from expected seismic activity.
This involves collection of data which fall into the following main groups:
. historical seismic records (i.e. magnitude and occasions of past
seismic activity in all locations that could affect the Lucas
Heights site; evidence of shifting of ground levels from
resurveying etc.).
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. contemporary seismic observations (i.e. present-day and ongoing
instrumental observations of seismic activity in the region).
. geotectonic and geomorphological information (i.e. location of
active fault zones; transmission characteristics of rocks and
soils).
Historical geotectonic and geomorphological data are being collected via
established liaisons between the AAEC and organisations such as the Bureau of
Mineral Resources, the Department of Mines and the MWS&DB.
A limited contribution to the monitoring of seismic activity of the
region is being made using a tiltmeter in an underground vault associated with
the Warragamba Cam. The instrument employed is a commercial precision 'ANAC1
unit which is installed on a floor of well-aged concrete set directly on the
bedrock in the vault. The output from the unit goes to a chart recorder.
This tiltmeter successfully monitors earth tides and the extremely small
oscillatory tilts of the local rock induced by distant earthquakes.
A microseismic monitoring unit, which has three accelerometers in a
triaxial configuration, was purchased to contribute to the seismic monitoring
program but this has never operated satisfactorily because of various
equipment failures, some of which are attributable to the humid conditions in
the Warragamba vault. The equipment is being repaired and consideration is
now being given to relocating it at Lucas Heights.
3.3.2

Development of tiltmeter
[R.W. Harris, K.W. Innes, 6.W. Herfurth]

In PR45-S (Section 3.8), the objectives of this project were outlined,
together with the essential features of the AAEC tiltmeter to detect very
small, relatively slow, seismic and other earth movements.
The tiltmeter was installed alongside a commercial 'ANAC' unit, of
essentially similar design, in an exploratory tunnel at the Warragamba Dam.
In this vault, the ambient temperature is substantially constant but the
atmosphere is very humid. The tiltmeter was found to suffer from drift,
probably caused by dampness in the associated electronic installation which
was built up from a number of separate general-purpose laboratory units.
The plan is now to test the complete instrument in a dry situation at
Lucas Heights, with the electronic equipment in its normal laboratory
environment and the mechanical unit installed in a temperature-regulated
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insulated wooden box.
If the system proves successful, design and construction of a special
purpose, humidity-proof electronics unit could be considered to be used with
the already-constructed mechanical unit. This prototype could then be
installed in a vault (but possibly not at Warragamba). If it is installed at
Warragamba it will be placed on an axis 90° to the existing ANAC unit to
enable the absolute direction and magnitude of tilt to be measured and
recorded on the existing two-pen recorder already in use with the ANAC
instrument.
However, should other pairs of instruments be required for use in other
vaults, provision would also have to be made for additional recording
instruments. Each pair of tiltmeter units would cost about $2500 if a simple
chart recorder is used but much more if modern computer-controlled digital
data acquisition units are used.
A mechanical unit for the absolute calibration of tiltmeters is also
under development. The unit is based upon the use of a manometric capsule
whose top diaphragm supports the single 'drift' leg of the tiltmeter, the two
legs at the other end of the tiltmeter body resting on the stationary frame.
The diaphragm is deflected by variations in the hydrostatic pressure in the
capsule which are caused by the rise and fall of the level of mercury in a Utube which has as one of its legs a reservoir and flexible connections. The
mercury in the reservoir rises and falls between pre-set limits at one cycle
per hour because the reservoir is mounted on a beam driven by a synchronous
motor. The drift leg of the tiltmeter is thus raised and lowered a variable
amount according to the applied pressure of mercury. A strain gauge will be
affixed to the diaphragm to measure the mechanical strain in the material
resulting from the hydrostatic pressure, and the absolute deflection will be
derived from a corresponding stress analysis.
3.4 Gas Flows

3.4.1

Radioisotope gas flow measurement
[J. Marshall]

Some ten man-days of professional effort was contributed by the ERD to
this Isotope Division project in consultation on methods of measuring gas
flows and the degrees of accuracy which may be expected under various
conditions.
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3.4.2

Application of the method of radioisotope tracer dilution to the
measurement of wet steam flow
[K.R. Lawther, D.R.H. Beattie, A.6. Chapman, P. Airey (Isotope Division)]
Steam/water test rig

Commissioning trials of the HIPPOCRENE high pressure water rig, modified
to produce a known flow of wet steam at a pressure of 1.4 MPa in a 52 mm bore
pipeline 20 m long, were commenced in October 1978. During that month the
power supply systems were tested, instruments were checked and calibrated, and
safety trips were set and tested. In November, the steam generator was
operated at full power and pressure, and steam was passed through the pipeline
in a series of proving tests at various steam qualities and rates of flow.
The commissioning trials could not be completed, however, owing to the
repeated seizure of a control valve in the closed position.
A decision was made to replace the valve and four others operating under
similar conditions, with valves of a different type. Replacement valves were
obtained within seven days, but it was necessary to weld short pieces of pipe
to the valve bodies so that the valves could be connected into the rig
pipework. This apparently simple procedure, in all its various stages of
drafting, approval, procurement of materials, manufacture, inspection, and
testing, was delayed by staff shortages and higher priority jobs, and not
completed until July 1979; the valves were installed in the rig in August.
Advantage was taken of this prolonged delay to make several small changes
to the rig system and improve operating efficiency. One of these was the
wrapping of the pipeline with electric heating tapes to preheat it before
admission of stear.i and dry it out after a run; another was the installation
of solenoid-operated valves for the control of make-up water to the header
tank and the diversion of excess water to drain.
The commissioning trials were resumed in September 1979 and steady
pipeline flows have been established under various steam conditions. Approach
to the maximum power input and maximum pipeline pressure has, however, been
prevented by the overheating and premature bursting of the pipeline safety
relief disks. The two bursting disk devices will be replaced by safety relief
valves; meanwhile the trials are continuing, with a temporary cooling system
provided for the safety heads.
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Instrumentation
Provision has been made in an upstream section of the 52 mm bore test
pipe for tracer injection, and equipment which Isotope Division is preparing
will inject a measured sample of tritiated water into the steam flow.
A small condensing calorimeter unit used in conjunction with an
isokinetic flow sampling probe, which is located in a downstream section of
the test pipe, will provide information on local flow quality (vapour
content). This condenser unit has been designed and will be manufactured as
soon as effort becomes available in the Main Workshop. In the meantime, a
simpler type of collector will be used to carry out initial flow tests. The
short length of 52 mm pipe directly associated with the isokinetic sampling
probe is currently being chrome-plated internally to minimi-se effects of water
corrosion on the pipe wall, and consequent wall-roughening, in the vicinity of
the probe.
Electrical-conductivity probes to measure the thickness of the water-film
on the wall of the test section are being designed and developed by
Engineering Services Department.
3.4.3

Two-phase flow velocity by cross correlation of gamma-ray absorption
signals
[R.W. Harris]

An INIS search has been made, selected literature has been obtained and
some preliminary study of the topic was undertaken, but as yet no critical
review has been carried out.
3.4.4

Neutron methods for two-phase flow measurement
[J. Marshall, V. IIic, H. Woodley, R.J. Blevins]

A temperature survey has been carried out and various methods have been
identified of
using neutrons for
the measurement of
appropriate
characteristics of two-phase flow. These Include methods for measuring:
• voidage; by measurement of neutrons transmitted without absorption
or scattering, or by measurement of scattered neutrons only; and
. velocity; by pulsed activation of one or both phases of the
flowing two-phase mixture and detection of gamma emissions at a
set distance downstream.
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The methods are non-intrusive, causing no change in flow conditions.
They are particularly suitable for systems with steam/water mixtures in
thick-walled steel pipes because of the relatively large effects OH neutron
beams of hydrogenous materials compared with those formed of heavy atoms, e.g.
iron.
For voidage measurement, the scattering method, which is uniquely suited
to neutron interactions, 1s in some circumstances superior to the absorption
methods which are inherent in, for example, gamma or X-ray beam techniques.
This is because the scattering method gives results which more closely
represent the average voidage in a pipe section and depend less upon the
detailed flow pattern- For velocity measurements it offers an alternative to
physical injection of a radioactive (or other) marker material.
Preliminary familiarisation experiments have been carried out using a 10
curie Pu-Be source (giving 2 x 10 neutrons s at 5.5 MeV) which detects the
neutron flux at particular locations by measuring the activation induced in
indium foils. Tests were performed using a vessel containing static water in
which steam voidage is simulated by immersing, for example, a suitably sized
aluminium bar. Various simulated conditions have been investigated by foils
in a variety of positions relative to the beam and the vessel. Work has
commenced using a measurement system based on a BF~ neutron detector, which is
more convenient than foil detectors because it provides an immediate readout.
The development of the methods for practical application will also make
use of the Activatron neutron generator, which can, if required, produce a
neutron output over a thousand times that available from the Pu-Be source and,
additionally, can be pulsed.
When sufficient knowledge of and familiarity with this technique have
been acquired, its methods will be applied to:
. steady-state steam/water flows at 1.4 MPa in the steel pipe test
section (52 mm dia. 4 mm thicK) which will be used for flow
measurements by tritium dilution;
. transient flows at around 10 MPa in small-bore pipes in blowdown
tests; and
. industrial needs, provided they can be identified.
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Industrial needs for measurements of this type could arise in any
multiphase flow system in which hydrogenous fluids are being handled. For
example, it might be feasible and useful to make non-intrusive flow
measurements in gas pipe lines where there is known, or suspected, to be a
liquid component. In principle, flow distributions should be able to be
examined. Flow systems having solids in suspension and multiphase percolation
systems, e.g. oil/water mixtures in sand beds, may also be amenable to the
technique.
Nuclear particle accelerator
[J. Marshall, H.J. Woodley, R.J. Blevins, E. Clarke]
The Activatron 211 neutron generator was originally transferred from
Chemical Technology Division for use by ERD in connection with a reactorexponential experiment, and has been stored for several years since that
project was discontinued. It was recently recommissioned for use as a 14 MeV
neutron source to measure flow characteristics in two-phase water/steam
mixtures. Particular objectives included measurement of voidage using
scattering and transmission techniques, and measurement of flow velocities
using the O16 (n,p) N16 reaction.
The accelerator is of the drift tube type and operates at a maximum
voltage of 200 kV with a beam current of 2.5 mA. The manufacturers claim a
maximum output of 2.5 x 10 14 MeV neutrons per second when the H (H ,n) He
reaction is used. The operating (deuterium) gas is admitted via a needle
valve into a Penning ionisation source at one end of the drift tube.
Positively charged particles emerge from the source and are accelerated
through four negatively charged annular electrodes to strike a target at the
other end of the tube. The ionisation source is at a potential of 200 kV +ve
and each of the four electrodes is made progressively more negative in
increments of 50 kV by a chain of resistances.
When the recommisstoning began, the main problems were associated with
the leak tightness of the tube assembly and vacuum lines. However, a combined
rotary pump, cold trap and ion pump system were eventually used to reduce the
pressure to the order of 1 x 10 torr (1.33 x 10"6 Pa). A major difficulty
encountered was in the control of gas flow into the Penning ionisation source.
The manufacturer's needle valve was far too insensitive in its operation and
opening the valve by the smallest possible amount caused an abrupt increase in
pressure and tripped the ion pump protection switches. This difficulty was
overcome by the installation of an Edwards fine control needle valve which is
fitted with a calibrated scale.
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Several preliminary calibration runs to 180-200 kV were made using
hydrogen to produce protons which were collected by a copper target. This
procedure enabled the beam to be adjusted and focused on the target by direct
visual observation without the hazard of neutron production. Health physics
surveyors continuously monitored for X-ray andy-ray emission.
Finally the target area was shielded by borated paraffin wax and concrete
blocks, and two runs were made using deuterons to bombard a tritium target.
These runs were again monitored and the operating voltage was restricted to
65 kV because the radiation levels in the area were approaching the acceptable
limit. At this voltage the total output of 14 MeV neutrons was measured as
being about 1 x 10 neutrons per second.
The neutron output can be pulsed by deflecting the deuteron beam but the
necessary electronic equipment is not yet available.
4. SIGNAL PROCESSING AND NOISE ANALYSIS
4.1 Storage and Analysis of Fluctuating. Transient and Steady-state Data
[R.W. Harris, T.M. Romberg, M. Hincksman, G. Herfurth, D. McColm]
4.1.1

Analysis of fluctuating signals

In the ERD Noise Analysis Laboratory (NAL), routine analysis of the
fluctuating signals arising in experimental situations is carried out
primarily by two dedicated units: a correlator and a real-time spectrum
analyser. The results of this first stage of processing are available in
digital form (500 data points from the spectrum analyser; 100 points from the
correlator) and can be transferred using special interfaces to a PDP11/10
minicomputer. Data may also be transferred to the IBM370 computer in the main
computer complex via the site Dataway.

The computer links with the two dedicated units allow programmed control
of an experimental investigation. A special interface constructed by
Instrumentation and Control Division, together with some software development,
has enabled turbulence measurements in the six-rod cluster to be made
completely automatically and produce data without operator intervention during
silent hours. This system has now been operating successfully without trouble
for almost a year.
Both the NAL and the IBM370 software are being continually developed and
improved. Programs which simulate the effects of different systems on
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prescribed digitised inputs, and also include non-linear elements, (e.g.
effect of spring in the analogue of a mass-spring-dashpot mechanical system,
where the spring constant Is a function of the displacement) have been written
for the IBM370 and preliminary testing Indicates that they operate correctly.
The facilities of NAL have potential for use In a wide variety of
investigations, both Inside and outside the AAEC. Several data analysis
projects on quite disparate problems currently In progress in NAL Illustrate
these possibilities, for example:
. studies of turbulence in air flow In ducts which model liquid flows
in subchannels representing power reactor fuel elements;
. experiments on two-phase flow Instabilities in vertical tubes having
heat input;
. response of railway bogies to external effects on a special railway
track (for Public Transport Commission of NSW);
. nerve cell responses (for biophysical investigations at Macquarie
University).
4.1.2

Data logging

Data from an experiment are often required as discrete samples which are
taken at regular intervals in time and then converted to a digital format and
stored for further processing at a later date. Currently data logging can be
performed in the ERD laboratory by several different means:
(a) directly to the NAL computer;
(b) via a remote processing unit which is slaved to the NAL (remote
analogue data concentrator: this unit is capable of only relatively
slow scanning rates, samples from each of 16 channels being taken
consecutively (multiplexed) every two seconds; it is at present in
use for logging data from the Freon heat transfer loop).
There also exist two independent data logging systems:
(c) a complete computer system, based on an LSI-11 computer, which can
take samples consecutively from each of 16 channels in about one
millisecond (this unit is at present used for recording data from
steam/water blowdown tests); and
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(d) a transient recorder with four channels, which can take samples
concurrently every five microseconds (details of software for this
unit are presented in ER/TN404).
The basic data logging software used in the NAL computer and the LSI-11
has been extensively modified to improve efficiency, and special programs have
been set up to simplify data transfer between the two computers.
A high-speed transient recorder has been commissioned and used
successfully to gather data from the experiment on simulated nuclear
excursions.
4.2 Development of Acoustic Emission Techniques
[R.W. Harris, W. Herfurth]
The design, development and construction of special purpose equipment,
and the provision of specialist advice on instrumentation matters, was
undertaken as required for acoustic emission investigations being performed by
Materials Division.
One important quantity which can be simply determined is the cumulative
count of acoustic emission pulses. A special purpose unit was constructed
which both counts pulses and provides an analogue output proportional to the
accumulated count (for display on a chart recorder). The analogue output is
in the form of a staircase voltage where the steps can occur at every count,
every ten counts or every one hundred counts. A conceptual design has been
developed for an improved unit employing a microprocessor.
'Artificial' acoustic emissions for the testing of equipment may be
provided by simple mechanical means (e.g. impact, or grinding of suitable
materials affixed to the surface of the specimen under investigation), or by
electrical means (using piezo-electric transducers which convert suitable
electrical signals into elastic waves in the specimen). An electrical-type
artificial source unit was constructed consisting of an electronic unit
generating short duration, low repetition rate, high voltage pulses which were
applied to a mounted disk of piezo-electric material (barium titanate).
The application of acoustic emission to specific problems is in the
Materials Division contribution to this report.
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4.3 Noise Analysis of Mineral Flotation Plant Dynamics
[T.M. Romberg, W.S.V. Jacobs]
Pending receipt of new plant data from the Zinc Corporation Ltd (ZC), a
computer program (MODEL) is being developed to model the input-output
relationships of discrete time series data. The program will apply generally
to the analysis of environmental and industrial systems. It has been used to
model the radioisotope on-stream data monitored by New Broken Hill
Consolidated Ltd (NBHC) in the mineral processing plant during September 1975.
This work was reported in a paper presented at the First Australian Conference
on Control Engineering, Melbourne, 5-7 June 1979.
The paper stimulated some interest of a mining company (Renison Ltd,
Tasmania), and a mining research company (MD Research). The enquiry from
Renison Ltd has culminated in some technical discussions with the CSIRO
Division of Mineral Engineering (Dr D. Sutherland), which is currently
carrying out modelling studies on the Renison plant. Further modelling
studies have been performed on the NBHC data with an improved version of the
MODEL program, and this work has been provisionally accepted for presentation
at the 3rd IFAC Symposium on Automation in Mining and Metal Processing,
Montreal, 18-20 August 1980.
New data were logged by ZC during 31 May - 1 June, but were
unsatisfactory because of computer problems, which gave inaccurate output data
from the ROSA probes. More data were logged 21-25 August, and analysis by the
AAEC showed that the ZC plant was already well controlled and unsuitable for
modelling studies. Discussions on further monitoring of the NBHC plant are in
progress.
From time to time, since 1977, a small amount of assistance has been
provided to the Public Transport Commission of NSW, on a contract basis, to
analyse tape-recorded signals from tests on vibrations etc. of railway vehicle
suspension systems. Little of this work took place in the review period, but
preliminary arrangements were made for a greater level of assistance to be
provided next year. To this end, some development has begun of computer
programs for the transfer and storage of data to and from both the NAL and
IBM370 computers.
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5. MISCELLANEOUS SERVICES RELATING TO SITE REQUIREMENTS

5.1 Metrication. Units and Measurements
[I.F. Mayer, F.A. Rocke]
The Handbook of Metrication and Units was completed over two years ago,
and was offered in turn to four publishers, in manuscript form to save
typesetting costs. When each of these declined, the decision was made to type
the manuscript, using an IBM magnetic card typewriter. The typed version was
then submitted to the SIS Editorial and Publication Group at the beginning of
this reporting period and is still awaiting completion of editorial review,
after which it will again be offered for publication, possibly with an altered
title.
HIFAR operating staff were given a series of lectures on the new (SI)
units used for dose rate and radioactivity.
Publicity was given throughout the Commission to the decisions by the
16th General Conference of Weights and Measures to adopt the name si evert and
symbol Sv for the SI unit of dose equivalent, and the symbol L for the litre.
The Scientific Editor was advised on the preparation of a corresponding CIM
(14/1979).
Comments on an International Electrotechnical Commission proposal about
SI units for radiation protection were written and distributed to appropriate
senior staff.
5.2 Isotope Transport Package: Measurement of Deceleration during Drop Test
[R.W. Harris, M. Hincksman, D. McColm]

3
One aspect of the overall evaluation of the capabilities of a 1.5 m
isotope handling flask required the drop testing of the flask and transport
crate (total mass approximately 3.5 tonnes) on to a steel plate embedded in
concrete. The assembly was dropped from heights of 1.2, 9 and 1 m (in that
order). The deceleration experienced by the crate on impact was to be
measured by means of three accelerometers mounted inside the crate and
arranged in a triaxial configuration. After pre-amplification by chargesensitive amplifiers cushioned by foam rubber, the signals were transmitted
via long, flexible coaxial leads and recorded on an instrumentation tape and a
fast pen-chart.
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The accelerometers and pre-amplifiers were estimated to be intrinsically
capable of measuring up to 2000 g. However, since overseas reports had
suggested that maximum accelerations of around 250 g were probable, the
recording equipment was set up to record only values up to approx. 600 g. In
fact, accelerations greater than 650 g were indicated, but actual values were
not obtained because the recording gear was overloaded by the large output
signal. Damage sustained by the measuring equipment made it impracticable to
repeat the tests.
5.3 Thermal Tests of Radioisotope Transport Containers
[K.R. Lawther, W.J. Green]
No further work has been called for on this subject.
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1. INTRODUCTION

The Environmental Science Division was formed in November 1978 to augment
the Commission's ability to deal with the broad problem of environmental
impact; it was given the responsibility of being the main point of technical
and scientific contact with the other government authorities and departments
having responsibilities for the environment. It was further envisaged that
there would be expanding demands from private industry and mining interests
for the provision of consulting services not available elsewhere in Australia.
The Division was made up of the former Health Physics Research and
Radiation Biology Research Sections, together with the Physics of Environment
Section from Physics Division and the Applied Chemistry Section from Chemical
Technology Division.
The Division is organised into four sections (see organisation chart at
the end of the report) and this report is structured in a similar way. This
has the disadvantage of masking much of the interaction that occurs between
the various groupings, which is responsible for a large part of the strength
of the Division.
The research interests of the Division heavily emphasise applied (or
mission-oriented) work and, for the year under review, these were concentrated
on the needs of the uranium industry. Priority is given to investigations
that are not only germane to the uranium extractive industry but provide the
basis for predictively modelling environmental and biological effects of
disposal of low level radioactive and toxic wastes.
The level of contract work carried out for mining companies was about the
same as in the previous year. Field work, predominantly on radon and related
matters, was undertaken for Noranda Australia Ltd (Koongarra, Northern
Territory), Queensland Mines Ltd (Nabarlek, Northern Territory) and Wyoming
Minerals Corporation (Lake Way, Western Australia).
The level of collaborative programs with Australian industry and mining
interests has increased. The extensive uranium human bioassay program, in
collaboration with Mary Kathleen Uranium Ltd, is continuing, as is the
investigation of pilot plant performance of the recently developed
ultrafiltration units for protein recovery from waste streams in the dairy and
meat works industries. Other collaborative programs have been with Queensland

Mines Ltd (meteorological and radiation measurements) and Mt Isa Mines
(assessment of an acoustic sounder for atmospheric temperature and wind
profiling).
There was also substantial collaboration with the Office of the
Supervising Scientist; two of their staff have spent time with the Division
compiling the environmental data bank for the Alligator Rivers. One of the
Division's officers was seconded, as laboratory manager, to the Office of the
Supervising Scientist.
Collaborative programs on heavy metal toxicity with the Australian
National University, and on the role of bacterial oxidation in pyritic
oxidation with the University of New South Wales have continued.
A continuing challenge will be to integrate the many capabilities of
Divisional staff so that they are complementary and supportive in areas that
are of prime importance to the basic goals of the AAEC.

2. PHYSICS OF THE ENVIRONMENT

2.1 Rum Jungle Environmental Studies
[J.A. Daniel, J.R. Harries, A.I.M. Ritchie]
The Rum Jungle mine produced approximately 3530 tonnes of yellowcake
between 1954 and 1971. Substantial environmental contamination still occurs
at the abandoned site, mainly as a result of pyritic oxidation within the
waste rock heaps. Since uranium extraction on a large scale is planned for
mines in the climatically similar Alligator Rivers area of the Northern
Territory, the study of the Rum Jungle area is continuing to enable better
assessment of the environmental consequences of new developments and thus help
to minimise their impact.
Temperature distribution and heat production in White's Heap
Temperature rise is one of the few measures of the rate of pyritic
oxidation within White's Heap. The temperature rise is an integral
measurement in that it is an average for several cubic metres about the
measurement point.

Earlier measurements suggested that temperature changes occurred during
the 1976/77 wet season. However, the measurements were made under the
difficult conditions of the wet season. In addition, the thermistor probe then
in use had a long time constant of about five minutes. The slow conduction of
heat to the probe from the insulating polyethylene tube embedded in the
insulating soil medium meant that a shorter time constant could be obtained if
the mass of the probe was reduced. A new probe was designed and tested using
a laboratory rig comprising a length of polyethylene tube in a drum of sand
surrounded by heating coils. The very light probe developed had a time
constant of about 1.2 minutes.
Temperature distributions have been measured in the six probe holes in
White's Heap during field trips before, during and after the 1978/79 wet
season. A six-week field trip from the middle to the end of the wet season
enabled the temperature distribution to be monitored over an extended period.
Although temperature fluctuations were observed in the top 6 m of the heap,
presumably due to the changing weather patterns and rain, the temperatures
below 8 m were essentially constant. Figure 1 shows the temperature
distributions measured during a field trip in the middle of the 1979 dry
season. The temperatures in hole A, near the southern tip of the heap, are
approximately 56°C at depths near 14 m. The temperature distributions in hole
C also show evidence of deep heating, although the peak temperature is only
2.4°C above the near surface temperatures. Hole D has high temperatures at
depths of 3 to 4 m. The effects of thermal convection in the tube were
investigated and found to be less than 0.3°C even for hole A.
The distributions of heat sources to produce the observed temperature
distributions were calculated in terms of a one-dimensional heat conduction
model of the heap. The calculated heat sources for the time intervals from
March to June 1979 are shown in Figure 2. Hole A shows a peak in heat
production at 14 to 15 m and significant heat production above 8 m. The
negative source at 10.5 m indicates that heat is being transferred
horizontally to a nearby region of lower temperature. Holes C and F have
significant heat sources whereas holes B, D and E have effectively no heat
production below 7 m depth. Holes D and F both have heat sinks at the bottom,
probably related to the aquifers observed by the neutron probes in these
holes. All holes showed some heat production in the near surface layers, but
the source in the top 1-5 m could not be determined because neither the
surface temperatures nor the insulation were adequately known.

These calculations were made from measuranents carried out when there was
very little rainfall. Calculations have also been carried out In the wet
season when heat transport by Infiltrating water can be more significant than
conduction. However, the results are patchy, probably due to the water
following preferential paths and not infiltrating uniformly. An experiment on
the temperature effect of infiltrating rain has been carried out by flooding
the area around hole E and observing the effect on the temperature
distribution in the hole.
If the heat production calculated from the temperature distributions for
March and June 1979 is representative of the heap, then the total heat
production below 1.5 m is 132 kJ m day" which is equivalent to the annual
oxidation of 530 t sulphur. This is of the same order as the annual 1600 t
sulphur estimated to be oxidised on the basis of the sulphate concentration in
the spring water and the total amount of infiltrating water.
Water movement in White's Heap
The neutron and gamma scans in the probe holes of White's Heap continued
to provide a good coverage of the changes in the water content during the
1978/79 wet season. A stepping motor has been installed on the cable reel to
enable continuous motor scans of the count rate to be taken. The large
changes in the count rates which sometimes occur within 0.1 m are recorded by
the motor scans. More accurate spot measuranents at one metre intervals were
also taken to complement the motor scans and to relate the motor scan data to
the earlier spot data.
The motor scans for the neutron probe show that there are large
variations in count rate at different depths, but that the count rate and soil
moisture content do not change much from the wet to the dry season. Figure 3
shows the neutron scans for holes A and D in the 1978/79 wet season and the
1979 dry season. Hole A, which is the hole with the high subsurface
temperatures, shows almost no change in water content except in the top 1.2 m
or so. There are large changes near the bottom of hole D which can be
associated with the changing height of a perched water table at this location.
The original land surface at the location of hole D is lower than anywhere
else on the dump; it is also close to the side of the dump where springs
occur until halfway through the dry season.

In contrast to holes A and D, hole F shows marked variations in moisture
content in the top 8 m (Figure 4). The extent of the difference between the
wet and dry seasons is shown more clearly in Figure 4(b). There appears to be
an aquifer between 14.8 and 16 m which changes within five days. The gamma
scans of hole F show that this aquifer is above a region of high density.
The gamma scan for hole F (Figure 4) shows the changes in the density
down the hole. Over the range of densities likely in the heap, an increased
count rate corresponds to a decreased density. The gamma scans show that the
near surface layer has a high density, presumably because of compaction but,
with increasing depth, there are sections of low density corresponding
possibly to isolated voids. At the base of the heap there is a layer of high
density. The density structure seems typical of the six probe holes.
Preliminary relationships between changes in neutron count rate and water
content and between the gamma count rate and density are shown in Figure 4.
D.J. Wilson (Physics Division) has made neutron transport calculations which
include the effects of the neutron absorption and scattering cross sections
for the material of the dump.
An experiment was conducted over two weeks to flood the surface around
hole E so that the movement of the wetting front through the heap could be
observed. The increase in moisture content was observed to 2 m but at depths
below 2 m the changes were very small.
The neutron probe results show that the water does not infiltrate as a
uniform wetting front except perhaps in the top few metres. Below 2 m, the
water appears to follow preferential paths through the dump and the bulk of
the dump material shows only small changes in moisture content between the wet
and the dry season.
Infiltration and runoff
Measurements of the rainfall and runoff from White's Heap in the 1975/76
and 1976/77 wet seasons showed that the average runoff from the heap was only
about 10 per cent. A contract was made in 1979 with the CSIRO Division of
Environmental Mechanics to carry out a set of measurements to show whether the
runoff fraction was consistent with the infiltration properties of the surface
of the dump. The CSIRO measured the saturated hydraulic conductivity and
sorptivity at numerous locations on White's Heap. The surface properties were

surprisingly uniform over much of the heap. The preliminary results indicate
that an average runoff of 10 per cent of incident rain is consistent with the
estimated infiltration rates, provided that most of the rain falls in
thunderstorms.
During the 1978/79 wet season, runoff and rainfall data were collected
for the Intermediate Dump. This dump is smaller, steeper and of more recent
origin than White's and it is of interest to see if the runoff characteristics
differ from those of White's Heap. Most events are short, with runoff ceasing
after two hours in 65 per cent of the cases. The copper, zinc and manganese
in the runoff tends to be higher than White's.
2.2 Oceanography of South Pacific
IAEA Oceanographic model
[J.R. Harries]
The IAEA has published its model for defining the limits for the dumping
of radioactive waste into the ocean. The conditions in the Indian and Pacific
Oceans have been critically assessed but no reasons were found to invalidate
the IAEA model. The model appears to be very conservative in its estimate of
the time material released on the ocean floor will take to reach the surface.
All the estimates based on tracer and deep circulation models suggest that it
would take at least several hundred years for bottom water to reach the
surface.
The study of deep circulation emphasised the interconnected nature of the
oceans. Bottom water from the North Atlantic flows into both the Indian and
Pacific Oceans. Although the concept of limiting the total dumping into an
individual basin or ocean is a valid method of avoiding any undue local
build-up, it is important to realise that if any pollution does reach the
surface, it will do so at a location remote from the dumping site and probably
in another ocean.
Tritium in the Tasman Sea
[J.R. Harries, C.E. Calf, Isotope Division]
Samples of sea water have been collected by CSIRO Division of Fisheries
and Oceanography during cruises of the R.V. 'Sprightly' in the Tasman Sea.
These samples have been analysed for tritium concentration by the Isotope

Division's Tritium Laboratory. Tritium is a very useful tracer for
circulation and mixing processes in the upper ocean. Most of the tritium now
in the ocean originated in the atmospheric thermonuclear tests between 1958
and 1962. The tritium is all added at the surface of the ocean and its
penetration to greater depths indicates the rate of vertical mixing in the
ocean.
Tritium analyses have been carried out for samples collected in the
Tasman Sea at various locations between 30°S (Coffs Harbour, NSW) and 50°S
(south of Tasmania). Figure 5 shows the tritium profiles obtained for samples
collected on cruise SP15/78. The tritium has clearly penetrated to a greater
depth within the eddies which are associated with the East Australian Current.
However this penetration is associated with the warm core of the eddy and,
when the tritium concentration is correlated with the water density, there is
no difference between the core and the outside of the eddy.
The tritium concentration determined for surface water from 45 to 48°S in
the Southern Ocean was lower than Tasman Sea water. However, the Southern
Ocean water had a higher tritium concentration than the deeper Tasman Sea
water of the same density.
In the Tasman Sea the water appears well mixed on the constant density
(isopycnal) surfaces and, although the eddies locally change the depth of the
surface, they do not exist long enough to lead to differences in tritium
concentration. The tritium concentration on the isopycnal surfaces that
extend to 45°S shows a concentration in the Southern Ocean higher than that in
the Tasman Sea. This suggests that horizontal mixing has not been strong
enough to completely mix the tritium into the Tasman Sea in the elapsed time.
2.3 Radiation Dosimetry
Stopping power studies
[O.K. Gibson, M.C.E. Petersen]
The program to measure the energy and angular (E,0) distribution of
electrons ejected in ion-atom (or molecule) collisions has been carried
forward in the last 12 months. The apparatus now incorporates a PDP11
computer which controls the analyser voltage, changes the gas flow from signal
to background conditions and generally controls the whole sequencing of the
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measurements.
This automation permits long counting times, including
overnight running, which is necessary to obtain good statistics because, in
many cases, the ratio between signal plus background and background alone is
only a few per cent.
The apparatus is now being used for H+ on He collisions. Helium
obviously has no biological significance but, because of the availability of
previous measurements, it is a useful calibration and test case.
Furthermore, as the apparatus enables measurements to be made down to 0°, the
existing data can be extended into this interesting region. As there are
intense beams of electrons ejected in the forward direction, this component is
important from the dosimetric point of view (Figure 6). Also, although the
forward component is often referred to as resulting from the capture of
electrons into the continuum states of the incident ion, the theoretical
treatments are still not satisfactory; these new data may improve this
situation. It has been found that the process leading to the forward
component has a peak cross section at about 40 keV; this fits in with the
three measurements made by Crooks and Rudd2 who showed that the process
progressively declined in importance for ion energies of 100, 200 and 300 keV.
AAEC measurements were in the range 5 to 100 keV.
The shapes of the (E,0) distributions agree well with those of Rudd and
Madison over the central electron energy region from 10 to 100 eV (Figure 7).
Above and below this region, AAEC results are larger than Rudd's; these
comparisons are relative as it must be noted that the AAEC measurements are
not absolute.
To provide as much data as possible for the elucidation of the charge
exchange into continuum process, measurements will be made of the angular
distribution of the electronics between 0 and 10°.
Value of the man-rem
[M.C.E. Petersen]
The ICRP has rephrased its three basic recommendations for the radiation
protection of members of the public and workers who may be exposed to
radiation. These requiranents are
1. Rudd M.E. and Madison D.H. [1976] - Phys. Rev., A14:128.
2. Crooks, G.B. and Rudd, M.E. [1970] - Phys. Rev. Letters, 25:1599.

- that the net benefits arising from the use of radiation be non-negative,
- that doses be kept as low as reasonably achievable (ALARA), and
- that certain dose limits not be exceeded.
The ICRP leaves out the question of benefit maximisation for determination by
broader social processes within various communities. The third feature, which
is the most familiar, is self evident. However, the second requirement leads
to the need for the quantification of the value of the man-rem.
The usual expression for net benefit, B, from an operation involving
radiation exposure is
B=R-C-X-Y
where R is the gross benefit or revenue of the operation, C is the usual
production cost of the operation, X is the cost of the radiological
consequences of the operation and increases with the level of exposure of both
workers and members of the public, and Y is the cost associated with
increasing levels of radiation protection and hence with decreasing levels of
exposure. The ICRP assumes that both X and Y are independent of the scale of
the operation and are functions only of the population dose, S, given in manrem. Given this assumption, application of Kuhn-Tucker theory leads to the
general result that the costs of both the radiological consequences and their
reduction are minimised at the value of population dose, S*, which is
determined from the relation

ax/as = - dY/es ,
otherwise S = 0. In other words, expenditure on radiation protection should
be increased until the population dose is at or just below S*.
To proceed further, specific forms for the two functions X and Y are
required. Not much can be said about Y except that increasing levels of
protection, i.e. decreasing S, is more costly, it is probably not a continuous
function and, further, it depends critically on available technology or what
is practical. However, X generally takes the form of a linear function of
population dose, S. This arises because of the linear hypothesis which is
assumed to apply for the connection between population dose and consequence.
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If p is the risk coefficient for induction of cancer of any type, expressed in
cancers per man-rem, and the population dose is S, then pS cancers (all
assumed to be fatal), are expected to occur. If the average social value of a
life is X, then the cost of radiation consequences associated with a
population dose S is

X = XPS

yS

where y is the value of the man-rem and is just the product Xp expressed in
dollars per man-rem or some other suitable monetary unit.
A value of the man-rein has been estimated for Australia (1978/79). After
a review of the methods which have been used elsewhere to estimate the value
of a life, an approach was adopted which accounts for the contribution which
both income and leisure make to the welfare of an individual. With an assumed
economic growth rate of two per cent, an overall risk coefficient of p = 10"4
cancers (man-rem)"1, the following values of the man-rem at various discount
rates were obtained:

Discount Rate - %
u - $ (man-rein)" 1

0
258

2.5
186

7.5

140

109

For real discount rates of around 2.5 per cent, the value of $186 per
man-rem is appropriate. Hov/ever, for administrative convenience a value of
$250 per man-rem ($25 000 per man-sievert) has been recommended for three years
to take account of inflation. The value should be periodically reviewed, not
only to account for possible socioeconomic changes but to include changes in
the value of radiation risk coefficients.
2.4

Radon Dosimetry
Radon calibration chamber
[B.G. O'Brien, S. Whittlestone]

Preliminary design studies have been conducted for a system which will
provide v/ell known radon atmospheres for calibration of radon and radon
daughter monitoring equipment.
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Radium/radon measurement rig
[B.G. O'Brien, K. Mears, S. Whittlestone]
The Lucas rig has continued to be used for determination of radium and
radon concentrations in field water samples and in samples tendered by other
research workers in the Division. It is proposed to automate the rig in order
to reduce the cost in technical effort.
2.4.1

Field measurements
Koongarra development
[D.R. Davy, A. Dudaitis, B.G. O'Brien]

The results for the contractual program of work undertaken at the
Koongarra uranium deposit in the Northern Territory were published during the
year. The principal findings were:
(i) The regional level of radon dissolved in groundwater is 0.05-0.1 kBq
Spring water from X-anomaly and Leichhardt
dnf3 (1-2 nCi
Springs shows high dissolved radon concentrations.
(1i) The concentration of radon in groundwater from the ore body could
not be measured directly but the value inferred from the pump-down
test external to the ore body, and the measurement of radon in
soil-air at the southern boundary
o of the ore body, lies in the range
3
2-20 kBq dm" , with 11 kBq dm being a reasonable estimate.
(iii) The daily release of radon from the undeveloped Koongarra ore
bodies is estimated to be approximately 26 GBq. The corresponding
estimate for the radon release from an above ground tailings dam
resulting from development of the ore body is 3.7 GBq ha day .
(iv) The estimated surface radon emanation rate from waste rock arising
from development of the Koongarra deposits is 2.0 Bq m s when
the grade of the waste rock is 0.015 per cent U O .
(v) The estimated effective diffusion coefficient for radon in the
overburden is 1.0 x 10~2 cm2 s"1.
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(vi) The estimated emanation rate from crushed oxidised ore of grade 0.44
per cent U30Q is 93 Bq m~2 s"1.
(vii) The radon concentration in air in the vicinity of the ore body
fluctuates directly with the prevailing atmospheric stability.
(viii) The working level (WL) concentration in air in the vicinity of the
ore body reflects atmospheric stability (convective mixing) wind
direction (origin of the air mass) and wind speed (age of the air).
(ix) The mechanism leading to a frequently intense short duration peak in
WL at about the time of sunset is unexplained.
Estimates were also provided for the total quantity of radon that would
be released per day as a result of the proposed development of the Koongarra
uranium deposit. The estimated quantity varies with the phase of development;
it is greatest (560 GBq day"1) during phase II, at which time the ore
stockpile and the tailings dam contribute 70 per cent of the total.
Predicted concentrations for radon daughters near the bottom of the open
pit also vary with phase of development but, in this case, atmospheric
stability is the major variable. During phase II, working level
concentrations were conservatively predicted to vary from 0.035 to 4.6 WL at a
height of 1 m above the pit floor as atmospheric stability changes from
unstable to neutral conditions.
Nabarlek uranium deposit
[D.R. Davy, B.G. O'Brien, 0. Castelyn, A. Dudaitis]
In September-October 1978, a radon and radon daughter survey was carried
out at Nabarlek on behalf of Queensland Mines Ltd before the development of
the ore body. The measurements of radon and radon daughter concentrations in
the atmosphere were made at locations specified by the company.
Surface radon emanation rates over the ore body, and from uranium
mineralisation that is continuous with, but not necessarily related to, the
Nabarlek deposit were also measured.
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Radon and radiation measurements at Nabarlek. N.T.
[D. Davy, B.G. O'Brien, S. Whittlestone]
In July 1979 the AAEC carried out meteorological and radon measurements
at Nabarlek, with the main purpose of establishing correlations between radon
levels, wind speeds, air temperature and atmospheric stability. Additional
work included measurements of radon emanation rates and evaluation of the
accuracy and suitability of various radon measurement techniques.
(a) Radon^and radon daughter levels Radon and radon daughter levels were
generally low and varied in a qualitatively predictable fashion with wind
speed and direction. The monitoring site was on the north-west side of the
mine pit which was the region of highest radon emanation. Thus the highest
reading of 0.084 WL was obtained on a day when the wind was a relatively low
0.8 m s from the east. The radon level at this time was also amongst the
highest values at 19 pCi L~*. In general, radon levels were low, at 0.07 to
0.2 Bq L , reflecting the predominantly turbulent atmospheric conditions.
(b) Other radiation measurements Surface emanation rates were measured
at four sites over the mine pit, and repeated as the pit developed to the
point where the badly weathered ore was stripped. The highest emanation rates
occurred before mining, suggesting that the distribution of radium was
somewhat different from that of uranium, and that the emanation coefficient of
the surface soils was probably higher than that of the underlying oxidised
ore. It was concluded that more data were required before the emanation rates
could be fully explained.
Radon and working levels were measured at the top and in the pit when it
was 3 m deep. No significant differences were noted under the prevailing
light wind conditions. The levels were all well within safe limits.
Micrometeorology at Nabarlek
[K. Bendun, G. Clark]
In June-July 1979, a three-week field trip was made to the Nabarlek
uranium mine. A small micrometeorological tower was established and balloon
profiles to 500 m made near, and from within, the open pit. The mine site was
typified by strong winds with good natural ventilation leading to low
radiation levels. However, the strong daytime winds caused significant dust
suspension. Passive dust samplers indicated that the uranium content in dust
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was several orders of magnitude lower than the standards, but thorium was only
lower by a factor of three, assuming equilibrium with the uranium.
Even when the pit was only 19 m deep (completed depth will be 72 m),
there was a modification to both the natural ventilation and atmospheric
stability. Wind speed decreases of up to 65 per cent were measured.
Likewise, atmospheric stability was increased compared to nearby 'free air'
measurements. These trends could have been important for the build-up of
higher radiation levels during later stages of mining.
Baseline survey at Lake Way
[J. Castelyn, B.G. O'Brien, S. Whittlestone]
In early September 1979, a survey was made of the pre-mining radon and
radon daughter levels at the proposed Wyoming Minerals mine at Lake Way,
Western Australia. The major part of the program involved measuring these
levels in air using the well established Lucas cup and Rolle methods. The 24
hour average radon working levels at all sites were below 0.01 WL. The peak
values observed under very stable atmospheric conditions were as high as 0.02
WL.
Measurements of radon in water indicated a wide range of concentrations,
but only the bores in the mineralised zone were sufficiently contaminated to
be a radiation hazard.
Emanation of radon from the ground was measured at several sites over and
within a few kilometres of the mineralised zone. There was no correlation
between surface emanation rates, degree of mineralisation near the surface,
surface gamma level and radon in the groundwater.
In the course of these measurements, a semi-automatic programmable
counting device was tested and proved to be fieldworthy. Further development
of this device is expected to lead to a relatively cheap instrument to measure
radon working levels continuously, with averaging periods of about ten
minutes.
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2.4.2

Calibration and development of radon monitoring equipment
[B.6. O'Brien, S. Whittlestone]

A program for testing equipment under field conditions was conducted
using well tried methods to provide reference levels against which other
methods could be compared. The Lucas cup method was used to measure the level
of radon in air supplied to two filter tubes and continuous radon monitors.
Calibration factors for two ostensibly identical filter tubes were 0.32 and
3.0, indicating that there were subtle effects in the operation of these tubes
which required further investigation. The continuous radon monitors were much
more satisfactory, with calibration factors in agreement with calculated
values, and a response time to abrupt changes in radon level of about 20
minutes.
The concentration of radon daughters was measured using the Rolle method
for several air samples. These values were used to assess the performance of
the MDA model 3R-WL instant working level meter (IWLM). At low radon working
levels (approximately 0.1 WL), and moderate gamma backgrounds (approximately
0.2 mR h"1) statistical errors were a problem at the sampling rates
recommended by the manufacturers. An analysis of these statistical errors
showed that increasing the sampling rate would be more effective in reducing
the errors than shielding the instrument.
2.5 Meteorological Research
[K. Bendun, 6. Clark, J. Kristo]
Acoustic sounder measurements
Results of balloon profiling experiments versus acoustic sounder records
from Lucas Heights (1977 and 1978) and Mt Isa (1977) were summarised.
Particular attention was paid to the development of the atmospheric mixing
layer and passage of the sea breeze front. Analyses have shown that the
acoustic sounder is useful from some time after sunrise when a distinct rising
echo is observed. Before this, extrapolation techniques to the time of
sunrise agree well with the initial evolution of the mixing layer. After the
rising echo disappears (possibly due to the instrument response to small
signals at larger distances), it is necessary to use other extrapolation
methods. A simple theoretical model based on the input of heat to the
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atmosphere has been compared with both the balloon and acoustic sounder data
with reasonable success. This model could be useful in completing the
calculation of the full diurnal cycle of the atmospheric mixing layer. The
mixing layer represents a vertical constraint on the dispersion of atmospheric
pollutants and as such is important in atmospheric modelling calculations.
Similarly, the sea breezes observed at Lucas Heights were associated with
an elevated stable layer which limits vertical dispersion. Simultaneously,
there was a vertical shear of wind direction and a typical decrease of wind
speed through this layer. The acoustic sounder detected the sea breeze as a
unique elevated echo structure. This field program will aid the long-term
'climatological' analysis of the acoustic sounder facsimile records.

3. ENVIRONMENTAL CHEMISTRY

3.1 Transport of Heavy Metals Through the Environment
This project is aimed at understanding and predicting the behaviour of
wastes discharged into the environment. It is concerned with the adsorption
and transport of heavy metals through soils and with their behaviour in
natural water.
3.1.1

Adsorption and transport of heavy metals and radionuclides through
soils
[R.T. Lowson, J.V. Evans, P.S. Bull]

This work was initiated following a request to evaluate a number of
computer codes for application in predicting seepage rates of dissolved heavy
metals from uranium treatment sites in the Northern Territory. The evaluation
indicated that, in all cases, the codes were built around a hydrological model
to which a chemical component was attached. This chemical component is viewed
in two ways: (i) by a purely phenomenological approach and (ii) by using an
analytical approach.
The phenomenological approach considered the chemical component as a
diffusing species, the kinetics for which may be described by a one-, two- or
three-dimensional equation. While mathematically successful, the method
required an estimation or measurement of the diffusion coefficient.
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Unfortunately, the diffusion coefficient is a function of a wide variety of
variables including soil type, moisture content, pH, solution composition,
redox potential, the diffusant, oxygen concentration and microflora activity,
to name but a few, and seriously limits the application of this method.
The analytical method seeks to break down the overall chemical process
into a series of simple steps of ion-exchange, solution, precipitation,
adsorption/desorption, complexation and redox. This method requires a total
understanding of all the contributing processes including a knowledge of the
associated constants, i.e. stability constant, selectivity constant,
solubility product, etc. This knowledge is far from complete. Codes using
the analytical approach have also assumed the existence of chemical
equilibrium under all conditions and, in view of the known slow kinetics of
many natural processes, the assumption of continuous equilibrium places severe
restrictions on the method's application. It was concluded that this work,
while useful, could not be profitably extended until a better knowledge of the
chemistry of the system had been obtained. Consequently, no further work on
chemical modelling is envisaged at this stage.
Complementary to the computer code evaluation, an experimental program
was initiated to study the adsorption and transport of heavy metals through
soils using radioisotope tracers. Determination of the adsorption
characteristics of heavy metals on standard soil materials has been completed
and a study of the transport properties has been commenced. The adsorption
equilibria between the dissolved metals (i.e. the adsorbates) zinc, cobalt,
manganese, barium and radium (selected because of their relevance to the
uranium industry and the availability of suitable radioisotopes) on the
surfaces of purified forms of the soil minerals (i.e. the adsorbents) alumina,
silica, kaolin, illite, bentonite and precipitated iron oxide were measured as
a function of pH, metal ion concentration, ionic strength and carrier anion.
The most important variables were pH, metal ion concentration and adsorbent.
The role of ionic strength and carrier anion (SOT,NOj or Cl~) proved to be
minimal. Figure 8 is a graph of a set of results for manganese and is a
typical example of the role of pH and adsorbent. At low metal concentrations,
the per cent adsorbed varies from approximately zero to 100 per cent within a
narrow pH band of approximately 1.5 pH units. The position of the pH band is
a function of the metal ion and adsorbents. A comparative measure of the
variation in position may be obtained by determining the pH at which 50 per
cent adsorption occurred (pHgrj)* Values for pH50 are listed below for the
various metal/adsorbent combinations studied.
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Table 1 shows that the general order for adsorbates is Zn > Co > Mn > Ra,
Ba and for the adsorbent Fe(OH), illite > bentonite > kaolin > alumina >
silica. The experimental blank corresponded to the theoretical hydrolysis
curve. There were two notable anomalies. The precipitated iron oxide
adsorbed at much lower pH in nitrate media (Figure 8) and radium was adsorbed
at a significantly lower pH on illite than on any other surface. The
adsorption of radium on illite was specific and showed a marked specificity to
its chemical isomorph, barium. This behaviour is to be investigated further.
In addition to the adsorption-titration curves discussed above, the
adsorption isotherm at constant pH was determined for manganese on alumina.
This was obtained in two ways: (i) determining the adsorption-titration
curves at various metal ion concentrations and interpolating at a giver pH, or
(ii) varying the solution concentration at a fixed pH. Experimentally, the
former course of action is easier; however, it assumes that the titration is
chanically reversible. Figure 9 is the absorption-desorption isotherm for
manganese on alumina at pH 8.5. The desorption values were obtained by back
titration and indicate a wide hysteresis loop.
These results have a direct relevance to the prediction of the behaviour
of metals in the environment. The difference in the adsorption-desorption
behaviour is not generally considered in transport models but represents a
significant source of error. Similarly the two most significant parameters,
pH and type of adsorbent, both vary greatly in nature but are not adequately
allowed for in chemical input to transport models such as PERCOL. Also,
generalised statements such as 'clays are good adsorbers', which are often
found in environmental impact statements, are not necessarily correct and need
to be supported by evidence on the expected water chemistry and adsorbing
surface, i.e. the soils may be a complex mixture containing components such as
manganese and iron oxides which may be competitively adsorbing the metal ions.
In addition to the basic studies described above, actual transport rates
through real soils are being measured over a variety of conditions. Pilot
studies to define the experimental method are complete. Soils have been
sampled to cover the gross range of soils found in the Northern Territory
Uranium Province. These soils are packed into plastic tubes to form a column
150 mm long, 20 mm diameter. After placing a radiotracer at the top of the
column the column is leached with a selected solution, and the transport of
the radioisotope is determined by scanning the length of the column with a
collimated detector. Pilot studies have defined the method of packing,
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deposition of the radioisotope and method of leaching. This pilot set-up will
shortly be replaced by a 50-column automatic rig in which each column will be
automatically scanned by a detector under the control of a microprocessor.
3.1.2

The hydrolysis of metal ions
[R.N. Sylva]

The behaviour, and hence the transport, of heavy metals in the
environment is determined by a number of interacting processes such as
adsorption, precipitation, mobilisation by organic complexation and colloid
formation. These processes are influenced in turn by the solution chemistry
of the metal ions. Of potentially dominating importance are the hydrolysis
reactions which occur under the various conditions found in the environment.
The hydrolysis of metal ions has been investigated by a great many
workers for more than four decades and the literature on the subject is
considerable. However, closer examination of this literature reveals many
shortcomings, which derive largely from two sources: (a) the need for very
precise experimental data from potent iometric titration, and (b) the need for
advanced methods of numerical analysis.
The computer program MINIQUAD has been developed and successfully applied
to the hydrolysis of copper(II) and uranium(VI). The hydrolytic behaviour of
lead(II) has been investigated and is used here to illustrate the current
state of the art of such work and demonstrate the inadequacies of the methods
used to study these systems.
The hydrolysis of a metal ion can be represented by the (hypothetical)
reaction (ignoring charges):
pM + qH20

Mp(OH)q

qH

(1)

The overall stoichiometric formation constant for any species, written as
(p,q), is thus:
MP(OH)QCH]-q
In the case of lead(II), the only fairly reliable and rigorous early work is
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that of 01 in. This work, however, had doubtful aspects because of some
reported experimental difficulties and also because access to a computer was
not possible.
Olin's data indicated the presence of the four species (1,1), (3,4),
(4,4) and (6,8). This 'species list' is unusual in that it contains the (3,4)
'core-plus-links' species in the absence of the earlier (2,2) species.
It was considered worthwhile to repeat the investigation of the
hydrolysis of lead(II) using our established experimental techniques and the
MINIQUAD computer program. Details of the titrations are given in Table 2.
Care was taken to exclude carbon dioxide, traces of which could result in the
precipitation of lead carbonate. It was also considered worthwhile to
recalculate Olin's data for comparative purposes.
The most significant difference between the two data sets is that the
earlier one also contains information on the free lead concentrations
(measured by a lead amalgam electrode). This makes numerical analysis very
much more straightforward since the problem is now a linear one; but the
problems of model selection (see below) remain.
To process the present data, initial estimates of the formation constants
are required. In earlier work, equation (3) was used,
log Bpq = q log Bu - (p-1) (2 log $n - log P22)

(3)

where e is the unknown value. For the lead(II) system, however, a value of
log &22 1S no* available. Accordingly, equation (4) was derived, this being a
completely generalised form of (3):
A - (r-l)(q+2-2p) - (p-l)(S+2-2r)
B = (p-l)(u+2-2t) - (t-l)(q+2-2p)
C = (r-l)(u+2-2t) - (t-l)(S+2-2r)
log Bpq = (A log &tu + B log grs)/C

In equation (4), p

.

(4)

refers to the unknown species (p,q) and p
KM

1. Olin, A. [1960] - Acta. Chem. Scand., 14:126.

and p. refer

' ^

**^
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to the formation constants of any two known species, (r,s) and (t,u).
In the first instance a number of models were examined containing the
species: (1,1), (1.2), (1,3), (1,4), (2,1), (2,2), (2,3), (2,4), (3,4), (3,5),
(4,4), (4,6), (4,7), (5,6), (5,8), (5,9) and (6,8). The examination was by
trial and error and proved to be a very difficult task because of the lack of
direction provided by earlier calculations. The criteria previously adopted
(2,3) for a satisfactory model, namely that (a) all estimated standard
deviations are less than 10 per cent, and (b) the agreement factor 1s about
0 0015 or less, were applied here also. Table 3 gives details of the 'best1
model and some closely situated models. This table is deceptive in that it
does not reflect the difficulties of the model selection procedure. Model 5
is clearly the 'best' model and since better precision cannot be expected and
the goodness-of-fit is excellent, model 5 was considered to best represent the
data.
Olin's data were recalculated using a standard (linear) least squares
program and the results are given in Table 4. For the (1,1), (3,4) and (6,8)
species, given the differences in ionic strength, the agreement between the
earlier work and the present study is excellent.
Unlike the present data, Olin's data do not, apparently, reflect the
presence of the (3,5) species. Calculations demonstrate, however, that under
the conditions of Olin's experiments, this species would have only a
negligible effect on his data.
The processing of the present data, considering the previously listed 17
species by trial and error, provided a good illustration of the inadequacy of
the present methods of data treatment. It should be noted that an exhaustive
examination of all possible models that can be derived from 17 species will
involve 1.3 x 105 models; this is, of course, a prohibitively long
calculation.
Obviously, a different and simplified strategy needs to be worked out.
In addition, the important difference between ipecies selection and model
selection (which is always confused in the literature) should be clearly
defined. The initial step, that of species selection, should be the exercise
of chemical judgement, by which a species list is established which hopefully
contains the 'correct1 model as a subset, and which involves the smallest
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number of species. The exercise of chemical judgement will possibly Involve:
(a) an examination of earlier work; (b) preliminary experimental work to
suggest possible major species; and (c) the application of general knowledge
derived from current results obtained for metal ions. Thus, in the case of
lead(II), the following working set of species was obtained:
Species

(1.1)
(2,2), (3,3), (4,6)

(3,5), (4,7)

(4,4), (5,6), (6,8)

Reason
Must be produced in sufficiently dilute solution
Olin claimed the (3,4) core-plus-links species,
a species type known to be common for many metal
ions. The earlier (2,2) and later (4,6) species
are added since they appear to occur in series
Deprotonated core-pi us-links members;
these
have been detected in the presence of their
(3,4) and (4,6) counterparts in some other
systems
Olin claims (4,4) and (6,8) species are major
ones. The (5,6) species is added to bridge the
gap

This gives a working set of nine species and hence, 511 possible models.
The next step is the model selection process which is nothing more than
an exhaustive numerical procedure subject to certain restraints, if desired.
This was provided by two subroutines (written by J. Pollard, Applied
Mathematics and Computing Division) suitably interfaced with the current
version of MINIQUAD. The results obtained, or rather the models obtained
which meet our criteria, are given in Table 5.
Common to all models are the species (1,1), (3,4), (4,4) and (6,8) and
the agreement for the -log p values is excellent. However, it is obvious
from the results that the data are unable to discriminate between the minor
species, namely (3,5), (4,6) and (4,7), or the combined (4,6) and (4,7)
species.
At this stage, it is obvious that further work is required in the areas
of experimental design and techniques and numerical analysis. Whether the
above approach should be considered to be developmental or definitive is yet
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to be decided.
3.1.3

The thermodynamics of radium
[R.T. Lowson]

The thermochemical data for radium and its compounds are remarkably
sparse. However, by application of suitable correlations a fairly clear
picture may be built for this system. Table 6 lists the values for the
enthalpy of formation, the Gibbs free energy of formation, the entropy and
heat capacity for radium and some of its compounds in their standard state.
Properties listed in Roman type are taken from the NBS Technical Note 270-6
and those listed in italics were obtained by various correlations. Table 7
lists the heat capacity as a function of temperature for a variety of radium
compounds; with the exception of Ra metal, all of these values were obtained
via correlations. Table 8 lists the values of the Gibbs free energy of
formation as a function of temperature. All of these values were obtained via
correlations.
3.2 Chemical Oxidation of Pyrites
[R.T. Lowson]
Pyrites or iron disulphide, Fe$2, sometimes occurs in uranium ore bodies
and in the waste rock or gangue associated with mining operations. The
exposed pyrites oxidises to sulphuric acid and soluble iron which can be
leached from the waste heaps together with solubilised heavy metals. Unless
precautions are taken to prevent the leachates being discharged into local
river systems, these sulphidic waste heaps can represent an environmental
hazard. The worked-out mine at Rum Jungle is an example of pyritic mine
wastes in the uranium industry but examples may readily be found in base metal
and coal mine sites. The Physics of the Environment Section is carrying out
field studies at Rum Jungle to gather data for assessment of the environmental
consequences of pyritic oxidation (Section 2) and the work described here is
designed to evaluate the chemical kinetics and mechanism of the process, data
which are required for a proven evaluation of the field study results.
The process may be catalysed by autotrophic bacteria which use the
exothermic reaction as an energy source. In the past, any significant
contribution from the chemical reaction has been discounted because the
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chanical kinetics are too slow at ambient temperatures. However, recent work,
reported below and in the world literature, indicates that the internal
temperature of these heaps may be quite high. The maximum temperature
recorded at Rum Jungle is 55°C and higher temperatures have been recorded
overseas. Under these conditions the chemical reaction may become
significant. Consequently work was initiated to evaluate the chemical
kinetics of pyritic oxidation and the consequences of the reaction on the
pollution hazard arising from pyritic overburden heaps.
The overall process is a combination of a number of competing reactions;
these may be summarised as:
2FeS2 + 702 + H20 = 2FeS04

(1)

4FeS04 + 02 + 2H2S04 = 2Fe2(S04)3 + 3H20
FeS2 + 8H20 + 14Fe3+ " 15Fe2* + 2HS04 + 14 H+

(2)

.

(3)

The kinetics of the individual reactions are dependent on the reactants and
products of their brother reactions. However, reaction (3) may be isolated
and studied by maintaining a nitrogen atmosphere in a test cell and the
kinetics may be conveniently followed by measuring the Fe3+/Fe2+ redox
potential. Consequently, a test cell was designed and manufactured to study
the role of temperature, acidity and particle size of the pyrite on the
kinetics of reaction (3). For a given temperature and particle size, the
following expression was derived for the reaction rate
dfFe3*] _ 1 a
dt
where a and b are stoichiometry constants and believed to be 14 and 15
respectively, k is the rate constant, and Fe is the initial Fe3+
concentration. The form of the equation is typical for a heterogeneous
reaction which occurs through adsorption on a solid surface. An unusual
feature of the equation is the occurrence of both the reactants and the
products. This feature has not been previously reported. The rate constant is
a function of acidity, temperature and surface area or particle size.
The overall reaction kinetics may be studied by monitoring oxygen demand.
Pilot studies have been completed using a novel electrochemical cell in which
the oxygen is generated electrolytically on demand. These initial studies
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have indicated the feasibility of the basic idea but modifications are
required to the cell design.
3.3 Naralinqa Project
[W.R. Ellis]
Evaluation of residual plutonium levels in soil, flora, fauna and the air
of the Maralinga Atomic Weapons Test Range was completed and published as an
annex to a report by the Australian Ionising Radiation Advisory Council
(AIRAC) and as an AAEC/E report.
It was shown that only on rare occasions (and possibly never) would the
plutonium concentration in air from wind-resuspended dust exceed the maximum
allowable concentration for continuous exposure of the general public. In the
case of artificially resuspended dust, this maximum concentration could be
exceeded for short periods, but the accompanying dust level would be such that
working conditions would be uncomfortable, if not intolerable. Potential
hazards from other possible exposure routes are so low that they are of no
consequence.
3.4 Solid State Nuclear Track Detector Studies
[W.R. Ellis]
Fissile material can be detected by irradiating the sample in contact
with a mica sheet in a thermal neutron flux. The number of fissions, F, is a
function of the number of fissile atoms, N, in the sample. F = N<r<£t, where
a is the cross section, <t> is the neutron flux (thermal), and t is the
irradiation time. The number of fissions is essentially the same as the
number of tracks, T, recorded in the mica, following its etching with HF,
although minor corrections may be necessary. Thus T = N<r#t. T is found by
counting the number of tracks (often associated with stars) under a microscope
or by more sophisticated methods. The value of o is known for a particular
nuclide and, as <t> and t are also known, N can be found and the mass of the
nuclide in the sample determined . The technique is extremely sensitive, the
detection limit being about 10~3 pg for plutonium-239 and less than 1 pg for U
nat.
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If the actinide Is unknown, an alpha track recording Is also made on an
appropriate solid state nuclear track detector such as the LRU5 or the new
CR39. The detector is etched with NaOH and the tracks counted as before. The
number of alpha tracks is proportional to N, the number of alpha active atoms
present, x, the decay constant and the exposure time t. Thus T = Nxt (for
short exposure times).
Hence, by counting the number of tracks produced by fission and alpha
decay, under known conditions, a value of the ratio A/a can be found. As
this ratio is characteristic for each actinide and mixture of actinides, they
can be identified in the sample and quantified by either or both of the
methods mentioned above. Under some circumstances, particle sizes can also be
found from the density of the material and the number of tracks observed.
This could be important for inhalation studies, etc.
Potentially the technique should be able to determine extremely low
levels of actinides in environmental samples. Determination of the size of
actinide particles accidentally or deliberately released to the environment,
as solids or aerosols, should also be possible. Comparing this information
with particle sizes of sand, for example, found by other methods, could
indicate the degree of attachment of the actinide to soil particles.
Samples of Maralinga soil containing knov/n amounts of plutonium have been
irradiated in the Moata reactor to produce fission tracks in mica. They have
also been exposed to plastic detectors, e.g. cellulose nitrate and CR39 to
produce alpha tracks (Plate 1). Problems have been encountered in attempting
to locate coinciding fission and alpha stars from the one sample (a
prerequisite for some applications of the method). Work is in hand to overcome
these problems.
Water samples containing low levels of uranium (either naturally
occurring or added) have been scavenged with chromic hydroxide and the latter
(as the oxide) will be irradiated in contact with mica in Moata. A
preliminary examination in the Moata delayed neutron rig has indicated that
most of the uranium is scavenged by this technique.
A curium-244 source provided by the Radioisotope Standards Group is being
examined by the alpha track method for evenness of deposition. The
determination of low levels of radium in water by the use of a CR39 solid
state nuclear track detector is also under investigation.
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3.5 Waste Water Treatment
This project is aimed at the investigation of advanced waste water
treatment methods with the emphasis on the development of membrane techniques
and specific adsorbents.
3.5.1

Membrane techniques

The program has concentrated on the development of a low cost, disposable
membrane support module suitable for use in the nuclear industry. Some small
effort is also being devoted to an improved polymer membrane and to dynamic
membranes. Investigation of the use of coupled transport membranes for the
separation of uranium is continuing.
Module development
[R.M. Wechsler]
The module developed uses tubular geometry with the membrane cast inside
a porous support tube. It is being used for conventional cellulose acetate
membranes, and future use as a support systan for dynamic membranes is
envi saged.
Work has concentrated on the development of the low pressure version of
the module using cellulose acetate membranes. The effect of varying the grade
of cellulose acetate, formulation of the casting solution and casting
conditions have resulted in the availability of several useful membranes of
differing rejection properties for use in the modules.
Modules with these ultrafiltration membranes are being evaluated by
Industrial organisations and CSIRO's Division of Dairy Research. Use of the
modules for the concentration of proteins 1n milk whey has given promising
results in terms of protein rejection and mechanical performance.
3.5.2

Polymer membranes
[R.M. Wechsler]

Attention has been concentrated on the preparation of membranes from
polyimide polymers because of their good temperature, chanical and radiation
resistance. Both isotropic and anisotropic polyimide films have been prepared
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from a variety of solvent systems. The Incorporation of zinc into the film
has been shown to have a great effect on membrane structure and performance.
The prepared membranes are capable of high pressure operation but exhibit
considerable film shrinkage. This effect has precluded successful casting in
tubes or as useful sized sheets. Attempts to overcome shrinkage by
plasticisation of the polymer have not so far been successful.
3.5.3

Dynamic membranes
[J.V. Evans]

Dynamic membranes are those which are laid down in situ from a solution
circulating over a porous surface. This type of membrane is of interest
because of the possibility of preparing fixed-change ion-rejecting,
hyperfiltration membranes via this route and also because dynamic membranes
are laid down on polymeric ultrafiltration membranes during service and often
take over as the permeation-selective element of the resultant dual-membrane.
Although a rig was constructed during the previous year to investigate
the properties of dynamic membranes, very little work has been possible. A
range of commercially available materials has been evaluated as supports for
hydrous oxide membranes. A small selection of the more effective of these has
been chosen for closer evaluation.
3.5.4

Liquid membranes
[J.V. Evans]

Interest in the coupled transport of uranium ions through liquid
membranes has been maintained, although very little experimental work has been
possible. These membranes consist of a microporous polymeric support with an
organic solution of a suitable complexing agent held within the pores. The
work of the last period using di-2-ethylhexyl phosphoric acid/kerosene
supported in a porous polyethylene film was extended to trioctylphosphine
oxide.
Solutions of uranium (0.00-0.10 mol L"1) in nitrate (0.1 mol L"1, pH 1)
were used as feed, and a solution of sodium sulphate (0.1 mol L"1, pH 1) as
the strip. The initial uranium flux was between 700 and 2400 pg cm"2 h"1
increasing shortly with concentration up to about 0.02 mol L . The
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concentration of uranium In the strip solution had no significant effect on
the flux.
3.6 Modified Adsorbents
[S.R. Isaacs]
Adsorbents such as carbon black, alumina, silica gel, etc. have been
widely evaluated for removing trace inorganic impurities from wastewaters;
generally they suffer from the disadvantage of low capacity and poor
selectivity. This project 1s aimed at improving these characteristics by
using inorganic adsorbents, porous polymer matrices, etc. as vehicles for
specific active groupings. Initial work was on an activated charcoal,
modified Hth chelating polyelectrolytes, but recent work was confined to
investigating modified adsorbents for the removal of radium. The work was
restricted by the lack of radium analysis facilities.
The conventional methods of radium removal include coprecipitation with
barium sulphate, absorption into barium sulphate and ion exchange. It was
hoped that high surface area adsorbents such as silica gel, carbon black,
microporous polymers, etc. modified with barium sulphate would provide a high
capacity material of suitable mechanical strength, and show whether the
precipitation of barium sulphate onto a surface would provide a strained
lattice structure which has been found to improve radium removal in the bulk
material. A somewhat similar but less selective approach was adopted by Moore
and Reid who used manganese dioxide precipitated onto an acrylic fibre.2
Modified silica gel and activated charcoal were prepared using a variety
of aqueous precipitation techniques. In general, the loadings of barium were
low, below 30 per cent, and tended to be unstable, washing off the column
during use. The most successful adsorbent was prepared by heating a
coprecipitated silica gel-barium hydroxide intermediate with ammonium sulphate
at 250°C. This material contained 26 per cent Ba which was not leached out
during the passage of water. The efficiency of this material in removing
radium from open-cut water containing sulphate and 900 pCi L (3.33 x
104 mBq L ) of radium was somewhat lower than that of anion- and cationexchange resins in the barium sulphate form.
1. Berak, L. et al. [1970] - Czech. Patent 134 815.
2. Moore, M.S. and Reid, D.R. [1973] - J. of Geophys. Res., 78(36)8880.
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Information was obtained during an overseas visit that extensive work had
been carried out in Czechoslovakia on the preparation of adsorbent containing
barium sulphate.
The most successful material is a microporous
polyaerylonitrile containing a maximum of 90 per cent barium sulphate.
Clay minerals have been shown to exhibit some degree of specificity
within the alkaline earth group and the relative adsorption of barium and
radium has been examined on a number of local clays. Of the materials
investigated, only an illite from the Tumut area showed any specificity for
radi urn.
3.7 Development of a Novel Technetium-99m Generator
[J.V. Evans, M.S. Shying]
This project is aimed at the development of a simple technetium-99m
generator capable of using (n,7) Mo in place of the normal fission product
molybdenum-99 as the parent nuclide. In the new concept, the molybdenum-99 is
incorporated into an inorganic gel matrix which is then milked in a similar
fashion to the normal alumina chromatography generator. Results have
confirmed the promise of the concept.
A laboratory process for the preparation of the gel has been developed
and the effect of process variables on gel performance evaluated at the mCi
(MBq) level. Milking efficiencies are usually between 75-90 per cent and the
Mo impurity level typically ~ 0.02 per cent for correctly prepared gel. The
gel can be milked equally well with water or saline.
It is now thought that the generators may need to incorporate a small
polishing filter-bed (alumina or zirconia) to meet hospital requirements for
radionuclidie purity of molybdenum-99. However, at present, reduction of the
degree of release of molybdenum-99 from the generators is receiving priority.
In collaboration with Isotope Division, a 1850 GBq generator was prepared
and milked. The generator was stable to irradiation over its seven-day
milking period. The technetium-99m product containing 0.03 per cent
molybdenum-99 (no rhenium or tungsten was detected) was purified by passing it
through a small alumina filter bed to <0.001 per cent molybdenum-99. When used
in bone scanning agents this type of technetiurn-99m gave excellent results.
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The techniques used in the laboratory are not suitable for a larger scale
gel preparation in the hot cell, consequently a variety of unit processes have
been evaluated for this purpose and a preliminary flow-sheet has been
prepared.
It has been shown that the isotope exchange of molybdenum-99 between the
solid gel and solution can be, depending on condition, surprisingly fast and
can be used to prepare gel generators from fission product molybdenum.
Chemically 'fixing1 the molybdenum-99 in such a generator could have
advantages over the normal adsorptive processes, e.g. the increased
specificity could give a better separation of molybdenum-99 from other fission
products. Several 37-74 GBq generators have been prepared from fission
product molybdenum-99. These generators gave good milking efficiencies of up
to 95 per cent but the eluates were of inferior radionuclide purity. The gel
in fact exhibited a relatively poor selectivity and a wide range of fission
products was taken up along with the molybdenum-99 resulting in the relatively
poor radionuclidic purity in the final eluate. Methods of overcoming this
problem will be investigated.

4. ENVIRONMENTAL BIOLOGY

4.1 International Comparison of Radium-226 Analysis
[A.R. Williams]
To standardise the measurement of radium-226 in environmental media, an
international comparison of radium-226 analysis of water was carried out under
the sponsorship of the International Atomic Energy Agency. Out of the eight
participating countries only two fell within the 99.9 per cent confidence
interval of the average value for two unknown water samples. No difference in
means was found between those methods which used a preconcentration stage for
the radium-226 and those which did not, although the latter methods were
significantly less precise. Because a variety of standards was initially
used, the IAEA laboratories prepared a common standard for all participants
and after calibration against this standard, five out of the eight results
fell within the 99.9 per cent confidence interval of the joint average value,
which ranged from ± 10 per cent at 23 Bq L to ± 20 per cent at the 167 mBq
L level. All of the final values fell within ± 20 per cent of the joint
average and, as this limit was equal to or less than the errors encountered by
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the US Environmental Protection Agency in its quality control work, it was
concluded that, at this stage, an accuracy of ± 20 per cent would have to be
accepted as a satisfactory international standard.
4.2 Vegetation and Stream Patterns in Magela Creek. Northern Territory
[A.R. Williams]
Magela Creek is a hydrologically complex waterway which drains two large
uranium deposits and lands which carry a pastoral and tourist industry, and
has been proposed for inclusion in a national park. The vegetation and stream
patterns of the floodplain have been described from aerial and ground surveys
and used as indicators of surface water movement through the system. The
Magela floodplain was found to be a freshwater lagoon, enclosed at its outlet
by the floodplain of the East Alligator River; the vegetation types can be
used as indicators of water depth within the lagoon. The capacity of the
lagoon is approximately 60 x 10 m, the average daily input during the wet
season is approximately 3 per cent of the lagoon volume and, during the dry
season, it dries out to approximately 5 x 10 m of perennial swamp. The
lagoon is maintained by the East Alligator River and so its hydrology must not
be studied in isolation but in relation to the larger system to which it
belongs.
r\

^

4.3 Biogeochemistry of Radium-226 in Magela Creek. Northern Territory
[A.R. Williams]
Some aspects of the behaviour of effluent radium-226 in Mage'I a Creek can
be predicted from a study of the natural distribution of material that has
been leached from the existing uranium ore bodies.
The geochemistry of radium-226 in relation to uranium, cobalt, zinc,
manganese, iron, sodium, calcium and magnesium was studied by a comparison of
the profiles of their distribution in soil down the Magela Creek waterway, in
relation to the two major uranium ore bodies at Ranger and Jabiluka. Radium226, uranium, copper and sulphate in soil were found to be associated with the
known ore bodies; whereas sodium, calcium, magnesium, iron, zinc and
manganese were not associated with these ore bodies but were highly correlated
with the soil clay content which increased monotonically down the floodplain
(Figure 10). The radium distribution (Figure 11) was quite different from

33

that of the other elements, and uranium, copper and sulphate which were
correlated in their distribution, were clearly associated with the Jabiluka
deposit (Figure 12). A simple multi-source exponential leaching model was
used to explain the radium-226 and U-Cu-S04 profiles. This model implies that
the rate of deposition downstream of a leaching source depends on a surface
uptake process rather than a process controlled by dilution in the receiving
waters.
When compared with the results of zinc-65 tracer experiments carried out
in Magela Creek, the leaching model haIf-distance for deposition of
approximately 1 km appears to be a realistic description of trace metal
deposition out of floodwater.
The biogeochemical relationships between radium-226 and other elements in
soil, plants and buffalo diet have also been studied on the Magela floodplain.
The availability of radium-226 in soil was strongly dominated by the presence
of sulphur as SO^. Total radium in soil was highest near the upstream end of
the floodplain; at the downstream end, the radium concentration in plants and
buffalo faeces was similar but, at the upstream end, buffalo faeces contained
four times as much radium as the plants. Plant and buffalo faeces
concentrations of radium-226 in general were highest in the swamps and
billabongs, wher<» available radium in soil was lowest;
evaporative
concentration and a detritus cycle in water, linked with the annual flood, are
postulated as the source and sink for vegetatively accumulated radium. A
comparative correlation analysis showed that radium behaves quite unlike the
chemically related calcium, in its distribution and transport in the soilplant-buffalo diet system; its distribution in soils and plants was quite
unlike that for any of the other elements. This comparison is summarised in
Figure 13 where the elements are plotted in a two-dimensional ordination space
such that the distance between any two elements is proportional to the
similarity of their distributions in soil, plant and buffalo diet. Radium is
far removed from all the other elements; calcium, magnesium, zinc and
manganese are identically distributed, sodium stands in close relationship
with this group and iron is placed in the same region of space; copper and
sulphur are related and uranium is also placed in that region of the space.
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4.4 Environmental Dose Assessment for Radium-226 in Effluent From Uranium
Mining Operations
[A.R. Williams]
In June 1979, the Supervising Scientist held a workshop on radiological
aspects of uranium mining in the Alligator Rivers region. There was a general
lack of understanding of the principles of environmental dose assessment at
this workshop, so a paper is in preparation outlining these principles and
providing some models together with a discussion of the critical group concept
for the region.
Because of two recent publications of the International Commission on
Radiological Protection (ICRP) the Australian Code of Practice on radiation
protection in the mining and milling of radioactive ores is now out of date in
relation to radium-226, so some interpretation of these developments was also
given at the workshop. By providing an opportunity for gathering the most
recent data for the dose assessment models, this paper served to highlight two
things: (1) the importance not only of freshwater mussels but also of fish as
a critical pathway for radium-226; and (2) the complete lack of data from the
Alligator Rivers region on lead-210 and polonium-210 levels in water and diet
items.
These previously unimportant issues are now relatively important
because the dose limit for radium-226 has been relaxed twenty-four-fold by the
ICRP.
4.5

Uptake and Loss of Radium-226 in the Freshwater Mussel Velesunio with
Respect to the Animal's Biology and Ecology
[R.A. Jeffree]

This project aims to obtain experimental and field data on the uptake and
loss of radium-226 in populations of mussels inhabiting billabongs in the
vicinity of the Ranger Uranium Mine and to interpret the data with respect to
the biology and ecology as observed in the Magela Creek system. The mussel
populations will be exposed to higher radium levels from deliberate mining
effluent releases and uncontrolled seepage. Freshwater mussels, which are
part of the diet of Aboriginals living near the mining site, are known
accumulators of radium.
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Investigations are being made of the uptake and loss of radium by
Velesunio at eight different combinations of water concentrations of radium,
calcium and magnesium, encompassing the range expected in the Magela Creek as
a result of the uranium mining and milling. Calcium and magnesium were chosen
as experimental variables because of their chemical similarity to radium and
possible competition with radium for sites of uptake in the mussel.
Planned experiments last for two months, i.e. one month of exposure to a
constant level of radium to determine a rate of uptake, one month of exposure
to radium-free conditions to determine a rate of loss. All experiments use
de-ionised and carbon filtered water reconstituted with various salts to
resemble the natural chemical environment of the mussels.
A pilot experiment with water changes at varying intervals showed rapid
loss of radium from the mussels after an exposure period to a radium
concentration of approximately 740 mBq L"1 (20 pCi L"1) (Figure 14). Data
from this experiment have also allowed the determination of rates of addition
of radium necessary to maintain an adequately constant level. A continuous
flow system is being used to expose mussels to a constant radium level and a
constant density of Chlamydamonas rheinhardtii cells on which they feed.
One population of mussels (in Georgetown Billabong) is in close proximity
to the ore body and already contains moderately high levels of accumulated
radium. Mussels from Georgetown Billabong have been held for a 9-month period
in radium-free conditions to determine a rate of loss of radium after longterm exposure. There has been no decrease of radium (at P = 0.05). However,
shell length is a significant (P < 0.01) positive predictor of radium content.
In addition to analysing mussels from Georgetown Billabong for radium,
other specimens have been measured, marked and returned to their natural
habitat. Marked mussels will be recovered in one year to determine long-term
radium uptake and growth rates.
Large variations in radium concentrations exist for mussels exposed
experimentally (see Figure 14) as well as for those collected from the field.
The relationship between radium level and several biological parameters, i.e.
length, mass, sex and number of laminations in the shell, is being
investigated to try to explain such variability. The number of laminations in
the shell may measure age or some correlate of age.
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4.6 Factors Affecting the Abundance of Three Species of Small Fish
[R.A. Jeffree]
Pollutants from the aftermath of uranium and copper mining and milling at
Rum Jungle, are known to decrease the diversity and abundance of freshwater
fish in the Finniss River. The diet of the purple-striped gudgeon, Mogurnda
mogurnda. is also markedly altered within the polluted zone.
This present study is investigating:
(i)

how the abundances of the fish are described quantitatively by a
number of habitat, biological and temporal parameters;

(ii) whether such quantitative relationships differ between the polluted
and unpolluted zones of the river; and
(iii) whether the abundances of each species, when adjusted for such
relationships, differ between the polluted and unpolluted zones of
the river.
Preliminary analyses have shown that the parameters which determine the
abundances of M.. mogurnda and Melanotaenia nigrans (striped rainbow fish)
differ between zones. Further M. nigrans decreases in abundance during the
dry season in the polluted zone but not in the unpolluted zone, and its
abundance is correlated with that of M. mogurnda in the unpolluted zone but
not in the polluted zone. Preliminary studies have also been made on the
checkered rainbow fish Nematocentrus sp.
4.7 Toxlclty of Copper to Fire-tailed Gudgeon
[N.J. Williams, J.R. Twining]
Copper is a typical pollutant from mining and milling activities in
Australia and has major importance for the ecology in the non-arid uranium
provinces. It presents, too, some interesting problems in interpretation of
its ecological significance at very low concentrations, owing to use in
the respiratory pigments of some invertebrates and differential toxicity to
1. Jeffree, R.A. and Williams, N.T. - Rum Jungle Environmental Studies.
AAEC/E365 (Ed. D.R. Davy).
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components of stream flora and fauna.
The genus Hypseleotrls with about ten species is widespread in Australia,
and represents the family Eleotridae with about 20 Australian species; the
present studies are on the fire-tailed gudg^un Hypseleotris gali.
Short-term or lethality studies have managerial advantages if they can be
extrapolated downwards by use of safety or application factors: these studies
focus on that broad problem.
Chemical effects
The toxicity of copper to this local Sydney freshwater eleotrid was
studied by determining survival durations of individual fish held in groups in
tanks under static testing conditions. The activity of free cupric ion during
the experiments was determined; it did not decline during the course of
experiments. Statistical analysis was by fully parametric least squares
regression rather than probits. Fish were caught also from the field and
similarly treated before each experiment.
In water of very low ionic strength ('Low'), log free cupric ion activity
closely predicted log survival duration: at free cupric ion activity of
10~5 mol dm"3 the fish survived for approximately 10 hours, at 10~6 mol dm"3
approximately 4 days (Figure 15). Smaller fish died slightly sooner than
larger ones. Digenetic trematode cysts occurred commonly in the fish: fish
were culled if heavily infected with parasites. Among the experimental fish,
there was no effect of number of these parasites on survival duration. Nor
was there any effect of season on survival duration.
Increased ionic strength, with the salts in the same proportions as in
the Low case, increased the survival duration, as did increased amounts of the
chlorides and sulphates of sodium, magnesium and calcium. Within each cation,
chloride appeared to enhance survival to a slightly greater extent than did
sulphate, but the differences were not significant. There was no enhancement
by sodium at 10 C mol dm O free cupric ion activity; but enhancement was
very marked at 10 mol dm, yielding a result relative to calcium - at
10"^ mol dm free cupric ion activity survival was greater in added calcium
than in sodium. However, at 10 mol dm" free cupric ion activity, added
sodium enhanced survival more than calcium.
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If copper affects osmotic hemeostasis, the different effects of the
cations could, perhaps, be explained by blocking of ionic flux or by
replacement of ions at gill surfaces.
Effects on the ethology
As any marked alteration in behaviour may decrease individual fitness,
reproductive and agonistic behaviour is being studied at nominally zero
exposure to copper for comparison with the behaviour after exposure to sublethal concentrations.
It is known that male fishes are territorial, and prepare and defend a
spawning site and the fertilised eggs. Encounters with other males involve
elaborate displays and ritualised fighting.
An intermittent through-flow system is being used where gas streams of 5
per cent C02 in air and COg-free air maintain a stable pH. A catalogue and
protocols of the normal aquarium ethology are being obtained.
Effects on the histology
Evaluation of hfstological techniques is being carried out to compare a
range of organs of fish exposed to four-day lethal concentrations of copper
for negligible and one- to two-day durations. There are two aspects to such
histopathology: (1) an indicator of changes in tissues which can reasonably
be called debilitating; and (2) functional explanations of both changes in the
ethology and physiology and differences in the effects of the ionic
composition of the bath. The initial work aims towards a histological
description of most organs to add to the gonadal studies reported elsewhere.
Ecology In a small shallow lake
As background to aid interpretation of toxicity measurements,
recruitment, diet, and catch-effort data are obtained by sampling from the
farm dam which supplied the experimental fish. Seasonal oxygen and
temperature profiles are obtained, together with data on the ionic
composition.
The fish spawn in summer, the juveniles maturing by the next summer.
Apparently, few fish survive for more than one year, mortality over the first
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two years being great. This appears to contrast with the longevity observed
in the Lane Cove River, but further analyses are needed.
The lake contains a large population of atyid shrimp and, by late summer,
very large numbers of top-minnow Gambusla affinis. The concentrations of
sodium, calcium, magnesium, potassium, chlorine and S04 vary by a factor of
approximately two; sodium and chlorine are the predominant ions; temperature
stratification is slight with surface temperatures varying from 10-25°C; in
summer, there is often a marked reduction in dissolved oxygen below 1.5 m
depth; the shallow lake is highly eutrophic.
4.8 Mining Pollution and the Diet of the Purple-striped Gudgeon in the
Finniss River
[R.A. Jeffree, N.J. Williams]
During the dry season of 1974, collections of the purple-striped gudgeon
Mogurnda mogurnda Richardson (Eleotridae) were taken from the Finniss River of
the Northern Territory; during the wet season, this river receives acidic and
metallic pollutants from the abandoned Rum Jungle mine.
The fish consumed a great variety of foods, with high abundances of
Dytiscidae, Chironomidae, Ceratopogonidae, Trichoptera, Odonata, Copepoda,
Decapoda and Pisces. Within polluted and unpolluted zones of the river, the
dietary abundances of some foods varied with the size of the consuming fish
and with habitat descriptors. There was no significant regression against
habitat descriptors in both of the zones for any type of food; this
emphasises that the effect of pollution is more complex than a simple
depressing or raising of the abundances of the dietary species. Five foods
were more abundant in the diets of the polluted zone, and three in those of
the unpolluted zone. The dietary abundances of two foods, both crustacean,
increased in the polluted zone, compared to the unpolluted zone, through the
dry season.

Two categories of foods - (1) those obtaining oxygen directly from the
atmosphere or via a film or bubble of air, (2) the converse set (aquatic
respirers) - were contrasted for their usefulness in distinguishing between
the zones, by both hierarchical agglomerative and discriminant function
analyses. Aquatic respirers were the more effective.
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The polluted collections were more heterogeneous than the unpolluted ones
in both the hierarchical and the discriminant analyses. One collection from
the polluted zone was reclassified as unpolluted on the basis of its grouping
behaviour.
The relevance for pollution studies of dietary analysis of euryphagous
fish rather than sampling aquatic fauna directly is discussed in terms of food
substitution, switching, strategies for abundance and recovery by the fauna,
and possible effects of the pollutants on the fish as an intervening
collector. Downstream patterns of abundance in the invertebrate fauna in this
study are broadly similar to those of other studies in which such chemically
diverse metals as Pb, Zn and Cu are the pollutants, but there are differences
for some faunal components.
Difficulties in the comparison and causal
interpretation of results of pollution studies in the field stem from a lack
of experimental data on tolerances to pollutants and causes of abundance of
stream invertebrates; however, because of the great detail required in such
data, more profit, for purposes of prediction, may derive from experimental
multivariate studies on faunal assanblages.
4.9 Primary Productivity of Estuarine Benthic Microalgae (Port Hacking Study)
[M.S. Giles]
Field work and laboratory studies on the photosynthetic incorporation of
inorganic carbon into the microbiota at the sediment/water interface in the
Port Hacking estuary has been completed. This work formed part of a joint
operation set up by the CSIRO Division of Oceanography and Fisheries to
establish a model which described energy cycling within the estuarine
ecosystem.
The particular aim of this work was to establish the relationship between
photosynthetic productivity and incident light so that the former could be
calculated simply from incident light readings recorded automatically at the
CSIRO laboratories. Laboratory experiments gave results which were best
described by the function f(x) s c tanh mx. These findings were checked by
ooing J_n situ experiments under natural light conditions and comparing the
results with theoretical figures calculated from the laboratory curves. It is
now necessary to reduce the continuous chart recording of annual output of
incident light to a form enabling calculation using the functions mentioned
above.
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In the course of this work, it was necessary to measure inorganic carbon
levels in interstitial sediment water: a novel technique to separate this
water from the substrata was developed, and a paper has been published.
4.10

Solvent Displacement Technique to Remove Interstitial Waters
[M.S. Giles, 6.E. Batley (Chemical Technology Division)]

The use of an inert, dense fluorocarbon solvent, FC-78, has been examined
for the displacement by centrifugation of sediment interstitial waters. This
technique has been compared with centrifugation in the absence of solvent,
using conventional tubes and those with basal collection cups. Although the
latter are satisfactory for sandy sediments, and the former for fine
sediments, solvent displacement offers advantages of increased recoveries
after shorter times at low speeds (1600 relative centrifugal force (RCF)) with
greater ease of operation. The effect of rotation speed on interstitial water
recovery was studied.
Detailed experiments showed that the solvent did not extract organic
compounds or heavy metal species from the interstitial water sample. The
method is therefore suitable for the separation of waters for heavy metal
speciation studies in both aerobic and anaerobic samples.
4-11 Environmental Survey
[M.S. Giles]
For the past twenty years, a program of sampling in the environment
around Lucas Heights has continued to check that operations at the Research
Establishment have not led to unacceptable concentrations of contaminants.
Responsibility for this survey was taken over by this Division in May
1979 and some changes in emphasis have been introduced for two broad reasons.
(1) Since existing supplies of locally produced milk used to assess
airborne releases from Lucas Heights are likely to become
unavailable due to urbanisation of the Menai area, a direct system
of air monitoring is being developed. This will be designed to
assess tritium, iodine-131 and noble gas concentrations separately
at the site boundaries so that collective dose rates to the public
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can be determined.
(2) Because of the impending connection of the Lucas Heights low level
liquid effluent to the Metropolitan Water Sewerage and Drainage
Board sewers, a preconnectlon survey at the Potter Point ocean
outfall has commenced. Samples of fish, limpets, barnacles and
algae have been taken from the vicinity of the outfall and their
radioactivities determined to assess the present concentrations of
radioisotopes occurring naturally and arising from medical and other
human use.
The system and operations likely to be used in the disposal of Lucas
Heights liquid effluent have been described and possible steps which could
lead to exposure of the public to contaminants defined in the light of past
Lucas Heights effluent audit reports.
Provided that there are no substantial changes to the
treatment procedures (e.g. by the introduction of a step to
products, or marked changes in the composition of the Research
effluent), the present authorisation for discharge to the
provides adequate safeguards.

present sewage
incinerate some
Establishment's
Woronora River

5. RADIATION BIOLOGY

5.1 Chinese Hamster Cells Subjected to Tritium Decays
[H.C. Panter]
Tissue culture cells of the Chinese hamster 'Don' line, strain HP1, have
been used in this study of the relative efficacy of two tritiated compounds in
cell killing. These compounds are H-thymidine, which is incorporated into
the DNA molecules in the cell nucleus, and H-uridine, which is incorporated
into RNA of the nucleus, and/or the cytoplasm. There are considerable
problems associated with studies involving isotope decay at 37°C, as the
results are complicated by considerations of dose rate, cell metabolism, and
cell division with accompanying Isotope dilution. Consequently, much of the
work was carried out at liquid nitrogen temperatures (-196°C) since, at this
temperature, the cells do not metabolise or divide. Comparisons were made
between cell killing by ^H-thymidlne in the nucleus, H-uridine in the
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nucleus, 3H-ur1d1ne In the cytoplasm and external X-rays at -196°C. In each
case, the survival of cells was assessed by their plating efficiency, i.e.
their ability to form colonies after 7 days' incubation in nutrient medium.
o

The results were further compared with those for H-thymidine and X-rays at
37°C. In addition, the effect of H-thymidine and X-rays on chromosomes at
-196°C is being studied by scoring subsequent chromosome aberrations.
The results can be summarised as follows. Tritiated thymidine decays at
-196°C cause an exponential decrease in the number of viable 'Don' cells and
survival depends on the number of accumulated decays (see Figure 16). A
similar survival curve is obtained for H-thymidine at 37°C (see Figure 17).
In both cases, the absorbed dose in rads was calculated by assuming that the
(average) energy of the tritium s-particle, 5.6 keV, was absorbed in the
volume of the nucleus, allowing for edge effects.

3
In contrast to the H-thymidine results, the survival curves for X-rays
at 37°C and -196°C have pronounced shoulders (see Figure 18). X-rays at the
lower temperature are less effective than at 37°C by a factor of about four,
in accordance with generally accepted views of direct and indirect action of
radiation on cells.
Comparison of the slopes of the survival curves (DQ values) for Hthymidlne an/» X-rays at 37°C reveals little difference in the two results,
allowing for the uncertainties in dose calculation for H at 37°C. However,
at -196°C, H-thymidine decays were about three times as effective at cell
killing as X-rays. This latter result is difficult to explain with current
microdosimetric theories of cell inactivation; however, it is in keeping with
the results from several other laboratories using different cell lines.
The effect of 3H-uridine on 'Don' cell survival has been studied only at
-196°C. It has been found that H-uridine in the nucleus has a similar
effectiveness to external X-rays at -196°C, both forms of radiation being
about three times less effective than H-thymidine in the nucleus (see Figure
19 and Table 9). As expected, H-uridine decays in the cytoplasm are still
less capable of cell killing than H-uridine in the nucleus (see Figure 20).
However, the reduction is actually less than one might have anticipated; this
interesting result is leading to further experiments to test the possibility
that, in fact, some H-uridine is actually incorporated into DMA of the
nucleus. Cold thymidine inhibition is to be used to prevent entry of labelled
uridine into DNA; one might expect that this will give even higher survival
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curves for H-uridine.
5.2 Chromosome Aberration Yield In Human Lymphocytes as an Indicator of
Radiation Dose
[J.K. Brown, H.C. Panter, M.K. Mountford]
An estimate of a person's exposure to ionising radiation can be
determined by enumerating the incidence of lymphocyte chromosome aberrations
in a blood sample. The technique, biological dosimetry, provides a different
and alternative method to the more common physical procedures for determining
radiation exposure in man and is most accurate where a single, acute,
homogeneous whole-body exposure is involved.
Biological dosimetry is useful in verifying the accuracy of film badge
readings and is particularly helpful in cases where measurements by physical
dosimetry are unsatisfactory or non-existent. When 500 cells are examined for
chromosome aberrations, the lower limits of detection are about 4 rads for Xrays or about 10 rads for gamma-rays equivalent whole body exposure. Owing to
the fact that lymphocytes do not multiply in the blood, it is possible to
obtain a biological dosimetry estimate up to several weeks after an acute
exposure.
Biological dosimetry is commonly used when a non-badge wearing worker
alleges accidental exposure to a radiation source. Although experience has
shown that the majority of such exposures are not confirmed by a
reconstruction of the incident or by dosimetry readings, the fear of overexposure often persists for the worker concerned.
It is therefore
psychologically reassuring to the individual when the results of biological
dosimetry Indicate that no significant exposure has taken place.
Recent cases in the above category Include a laboratory university worker
gravely disturbed over the possibility of prolonged exposure to a strontium-90
source in an adjoining room and a factory worker who believed he was exposed
to a malfunctioning X-ray cabinet. The absence of chromosome damage in blood
samples from both men served to allay considerable anxiety.
Two radiographers from a hospital radiotherapy department were thought to
have been over-exposed due to a malfunction in a cobalt-60 unit. Although
film badges were worn, no readings of exposure were possible. In one case,
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the technician had failed to report that the film badge had been processed in
a washing machine and in the other case the filter covering the film was
missing. A reconstruction of the accident indicated a whole body exposure in
the region of 10-100 rem. In one case, no chromosome damage was detected and
in the other, the level of chromosome damage was so low as to be below the
lower limits of detection by this method.
Two other radiographers at another hospital reported the possibility of
an over-exposure from an X-ray machine when it found that films stored nearby
were fogged. A film badge reading from one worker recorded about 100
millirem. The absence of chromosome aberrations in blood samples from both
individuals confirmed that no significant exposure had taken place.
Chromosome aberrations have also been used to assess radiation exposure
in some groups of occupational workers employed in the atomic and nuclear
industry, where exposure to radiation is at low doses and low dose rates. The
possibility of utilising this technique to assess radiation exposure in
personnel employed in the Australian uranium mining industry is being
considered.
At the present time, biological dosimetry is limited to cases where the
whole body or nearly vhe whole body is exposed to a single, acute dose of
homogeneous penetrating radiation greater than about 10 rem. The present
study was undertaken to determine whether the technique could be
satisfactorily applied to cases of partial body exposure, as many accidental
over exposures are of this type.
Four areas of the body are being studied in patients undergoing
radiotherapy for malignant neoplasms, namely the head-neck region, pelvis,
side of chest (for breast cancer) and the sacro-iliac (lower spine) region.
Patients usually receive four or five doses per week of 200 rad of 6 MeV
electrons for a number of weeks, with blood samples being taken after every
dose of radiation until such time as cultures are no longer successful due to
low lymphocyte counts. Routinely, 300 metaphases are examined from each blood
sample after two days of culture in vitro.
Preliminary results indicate that the incidence of chromosome aberration
is relatively low where the head-neck region or the pelvic area is irradiated
compared to similar exposures to the sacro-iliac region, though the latter
represents the smallest region irradiated. This indicates that the sacro-
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iliac region is high in lymphoid cells, presumably from active bone marrow in
the lower vertebrae.
Figure 21 shows the incidence of lymphocyte dicentric chromosome
aberrations (the best indicator of chromosome damage) in three male patients
following multiple exposures of the sacro-iliac region. Results in each case
indicate a roughly incremental increase in the yield of dicentrics with
increasing doses of radiation. In two of the cases, there is evidence of a
temporary decline in chromosome aberrations where there is a break of three
days or more in the delivery of radiation doses.
Blood samples from other patients receiving partial body exposures, of
the areas designated above, are currently being examined for chromosome
aberrations following which an assessment will be made as to whether
biological dosimetry can be satisfactorily applied to partial body exposures.
5.3 Radio-protection of Mammalian Cells In Vitro
Practically all the radioprotective compounds known at present exert
their effect only if administered before radiation exposure. From the
viewpoint of reducing radiation damage following accidental over-exposures, it
is clearly important to find compounds that exert a post-irradiation
protective effect.
Low molecular weight sulphydryl compounds have been considered as one of
the most promising sources of radioprotective agents. One such compound is
1,4-dithiothreitol (DTT).
In the experiments described, DTT at a concentration of 500 pg L , was
found to lower significantly the number of chromosome aberrations in leucocyte
cultures of the marsupial Potorous Trldactyl us and lung fibroblasts of the
'Don1 strain of Chinese hamster cells following 250 to 300 rad of 250 kV Xrays. At the time of irradiation, lymphocytes would have been in the Gj phase
of the cell cycle (or possibly GQ) whereas, in the case of the Chinese hamster
cells, chromosomal analysis was confined to cells in the S phase, as
determined by labelling with tritiated-thymidine and autoradiography.
The maximum decrease in chromosome damage in Potorous lymphocytes was 54
per cent of that of the irradiated cells without DTT and 64 per cent in the
case of Chinese hamster cells. For both cell types, it was shown that the
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most significant effect of DTT was due to its presence in the first 30 minutes
post-irradiation.
As most of the decrease in damage produced by DTT is due to its presence
after irradiation, it seems likely that it protects not by diminishing the
initial damage (whether caused by direct or indirect action), nor by
diminishing the oxygen concentration during irradiation, but that it enhances
in some way the repair processes which follow immediately after irradiation.
5.4 Toxicology of Heavy Metal Compounds and Related Industrial Dusts
[K.W. Bentley, J.H. Wyatt, R.J. Dixon]
The research effort is divided into three main areas:
- evaluation of new bioassay techniques for heavy metals with the emphasis
on uranium,
- the biological reactivity of uranic material with the emphasis on feeds
and products within the uranium industry,
- the metabolic fate (including residence time and relocation) of uranium
and plutonium.
5.4.1

Uranium bioassay

The results of samples from the first AAEC site volunteer survey were
reported in AAEC PR45-N [1978]. A further survey of the same volunteer group
examining single hair/bulk hair/blood and urine was initiated in April 1979
and is now completed. Because of the small number of volunteers involved, the
generally spasmodic exposure history and the relatively high detection limits
for uranium in urine, the study did not yield statistically meaningful
correlations with the more conventional bioassay measurements - uranium in
urine, uranium in blood. Differences were observed in the uranium levels from
sub-groups which can be readily attributed to the changing emphasis in uranium
research at the Research Establishment.
The industrial applicability of the techniques involved is currently
being investigated by examination of samples provided by a volunteer group of
employees from an operating uranium mine and mill. Mary Kathleen Uranium Ltd
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and the appropriate industrial unions have actively cooperated in providing
samples for the program.
The following parameters are being measured for each volunteer:
(a) Blood
Erythrocytes:
(i) fission track analysis for uranium
(ii) uranium content of dried cells.
Serum:
(i)
(ii)

fission track analysis for uranium
serum-free physiological amino acid analysis.

(b) Urine
(i)
(ii)
(iii)
(iv)

determination of uranium, phosphate, carbonate in sediment
uranium content of supernate yg L
fission track analysis for uranium
gel electrophoresis and gel immunoelectrophoresis for protein
excret i on
(v) free amino acids, creatine, creatinine excretion
(vi) total non-protein nitrogen.
(c) Bulk Hair
(i) uranium content yg g~*
(ii) uranium content after stripping and dechelation.
(d) Single Hairs
(i) fission track analysis for uranium
(ii) nature of contamination (internal/external).

It is anticipated that the survey of volunteers will be completed in 1980.
Conventional bioassay techniques for uranium in urine uses 'spot'
sampling which cannot be related to daily excretion. Preliminary results of
the present survey demonstrate the importance of obtaining a reliable

measurement of total urinary output (and hence uranium excretion) for miners
and millers operating in tropical climates by determination of specific
gravity, creatinine and total urinary nitrogen. This factor appears not to
have been considered by those authorities that legislated in the past for
uranium in urin<2 bioassay.
In addition to the volunteer studies, the uptake of uranium and plutonium
compounds in the hair of mice has been examined. The selective concentration
of uranium into hair of animals of different age and sex varies between 400
and 600 fold.
In collaboration with D.J. Wilson (Physics Division) the quantitative
nature of neutron-induced autoradiography (NIAR) analysis for plutonium in
thin tissue sections has been examined. The mounted serially-derived liver
sections were irradiated in the Moata reactor in a thermal flux of 7.0 x 10**
o i
neutrons cm"' s . After etching, the fission tracks appearing on the mica
were photographed and the negative projected using an enlarger to facilitate
counting. The total enlargement used was x!20 linear and the actual field
counted 4.5 x 10""4 cm. Three or four sections of each thickness were
examined and 24 or 48 different fields were counted on each section.
A least squares fit to a graph of number of tracks vs. section thickness
in micrometres leads to a regression line with a slope S of 8.52 ± 0.89
fission tracks per micrometre thickness of the above field. This figure leads
to an observed fission track density of 1.9 ± 0.2 x 10 per ml. The
efficiency of the process is taken to be 0.946 ± 0.010 (a weighted mean of the
results of Gold et al.1 and Wall2) and this produces a result of 2.011 ± 0.344
x 10 fissions per cubic centimetre.
The number of atoms of plutonium-239 present is 6.44 ± 1.1 x 1014 per ml
and, since the number of atoms of Pu per gram is No/239, where No is
Avogadro's number, the quantity of Pu is 0.256 ±0.044ug cm"3 or about 0.576
mg per organ. Measurement of the delayed neutrons from the whole liver
compared with plutonium standards gave 0.544 yg Pu - a most satisfactory
agreement (Figure 22).
1. Gold, R., Armani, R.J. and Roberts, J.H. [1968] - Absolute fission rate
measurement with solid state track recorders. .
2. Wall, T. [1970] - Fission track recording efficiency of mica. AAEC/TM541.

5.4.2

Experimental pathology of heavy metal Intoxication

A number of clinical indicators change following incident or chronic
low-level exposure to soluble or transportable uranium materials. Relatively
simple testing is available for total urinary protein, creatinine, creatine,
total urinary nitrogen, and the concentration of free urinary ami no acids.
The development of gross proteinuria from renal tubular disintegration
following elevated intakes of heavy metal species is a poor clinical
indicator, as extensive kidney damage occurs only at dose levels at which
irreversible damage to other organs has already occurred.
Results for animals exposed to buffered uranyl compounds at 0.01 - 0.1
LC5Q/io day concentrations show a rapid elevation in both the levels and
number of urinary proteins present. (Fourteen new proteins have been
currently identified 72 hours after exposure.) The number of proteins is
dose-dependent for the concentration range examined.
Using the techniques of polyacrylamide gel electrophoresis, immunoelectrophoresis, and physiological ami no acid analysis, the sequential release
of specific proteins for a range of heavy metal species is being examined.
The use of specific antibody-antigen reactions permits the absolute
characterisation of individual components. This is important in determining
the areas in tissues where uranium-induced damage has occurred.
Following completion of the animal studies, the AAEC and Mary Kathleen
Uranium volunteer samples will be examined by each of the above parameters.
This work is being conducted in collaboration with the Research School of
Biological Sciences at the Australian National University.
5.4.3

Biological reactivity of uranic materials

Extensive work (see PR45-N [1978]) has been carried out on the relative
toxicity of nuclear grade uranic materials (UF^, U02) and commercial
yellowcake. A very wide range of toxicity was found which depends on the
exact physical and chemical form of the product. Thus, for example, the
thermal history of commercial yellowcake is important. Much of the
variability found in the industrial products examined can be attributed to
inefficient precipitation before calcination.
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As ICRP models (and hence standards) assume uniformity for a gross
chemical composition (e.g. U(L, UF^), they represent gross simplifications.
Thus a bioassay basis for the estimation of quarterly and annual doses is far
more important in the case of uranium than it is in the case of an emitter
with a much simpler metabolism, e.g. H and/or one that offers only one type
of insult (radiation) rather than two (radiation and chemical toxicity).
The development at the Research Establishment of quantitative NIAR
methods for measurement of the concentration and distribution of fissionable
materials in soft tissues now permits histological examination and
pathological assessment of the identical section used for determining uranium
and plutonium. It is proposed that these methods be used to assess the lung
retention characteristics and subsequent organ distribution (using delayed
neutron analysis) of commercial uranium products.
5.4.4 Lung inhalation studies
The initial objective of this program was to examine if the mechanism for
beryllium transport proposed by Tucker et al. 1 could be confirmed using 235U
labelled UC^. Considerable controversy has surrounded this proposed transport
mechanism, although it is internationally widely accepted that if such a
mechanism could be proved, it would be of great assistance in clarifying the
relationships between lung clearance transport pathways and known fibrolytic
repair mechanisms. The use of an enriched uranium particulate would enable
conventional histochemical techniques to be confirmed by NIAR analysis, and at
the intracellular level, by electron microscopy and X-ray microprobe analysis.
'Spontaneous' lung diseases in rats and other laboratory animals make
interpretation of long-term inhalation studies difficult. Tucker et al.
considered that simple environmental changes, including a whole, fresh diet,
could be instituted as a regime to delay the onset of chronic respiratory
diseases (CRD) of lungs and 'spontaneous' nephrosis of kidneys in rats. A
colony of Sprague-Dawley and Wistar strains was established along these lines.
After four generations, lungs from the rats reared in our colony meet the
required criteria for assessing healthy lungs to the extent that (a) lymphoid
cuffing of the bronchi was limited to the hilar regions, (b) nodules were
absent from the peripheral subpleural zones and were of microscopic
1. Tucker, A.D., Wyatt, J.H. and Undery, Dawn [1973] - Clearance of inhaled
particles from alveoli by normal interstitial drainage. 0. Appl.
Physiol., 35(5)719-732.
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proportions beyond major bifurcations, (c) there was no perlvascular lymphold
cuffing, and (d) there were no bronchtectatic lesions containing detritus.
To gain a clearer understanding of the relationship between industrial
materials of concern and the current ICRP lung clearance model, it is now
proposed that CRP-free stock be used to examine the respirable fraction
derived from thermochemically produced ammonium uranate intermediates, mine
ores and industrial calcination products.
5.5 The Barrier Maintained Animal Facility
[J.R. McNeil 1, B.E. Izard, K.G. Johnson, V.J. Rowling]
With any experimental protocol, the most crucial consideration is
accuracy and reproducibility of results. When animal studies are undertaken
in the laboratory, efforts should be made to avoid cumulative disturbances
from pathogen burdens and to reduce human health risk. The aim of a
biomedical animal supply and research facility is to provide a stable physical
and biological environment for experimental animals in keeping v/ith creative
and reproducible investigation. Several years ago steps were taken to upgrade
the indifferent status at the Research Establishment of that important
biological reagent - the laboratory animal.
Conventional animals may harbour a wide range of infectious agents which
could result in chronic ill health of animals, and even of researchers, or
seriously affect experimental bio data. By using animals of known pathogenfree status, toxicologists and radiation biologists are able to show direct
effects of a test agent and not that of the test agent superimposed on preexisting morbidity or even an activation of a silent disease state by the
experimental procedure.
The use of specific pathogen free laboratory animals is supported and
recommended by the World Health Organisation (WHO) and the National Health and
Medical Research Council of Australia (NH&MRC). By using internationally
established techniques of barrier maintenance of known infectious disease-free
stock and by carefully monitoring the produced animals for microbiological
integrity, together with a routine histological screening quality control,
colonies of a more reliable research potential have become a reality with the
added benefit of the elimination of infectious disease hazard for maintenance
and research workers.

53

Chronic lung disease Is the most common disorder found in conventionally
raised rat and mouse colonies and suggested aetiological agents include
primarily those of an infectious nature elaborated by the presence of noxious
irritant vapours or bedding and dietary particulates.
The absence of lung morbidity has been effectively demonstrated by
housing axenic animals under gnotobiotic conditions in the presence of
particulates; however, conversely, conventional animals accommodated under
dust-free conditions may show a delay of onset of this type of disorder.
Notwithstanding, there is the threat of lung tissue disease in such open house
animals. Reduction of airway ciliation and bronchiolar desquamation in the
presence of envi.•onmental ammonia produced by urease-fonning micro-organisms
on wastes presents a predisposition for bacterial opportunism.
Organisms such as the pneumotropic viruses or Klebsiella pneumoniae may
eventually gain access if positive exclusion is not practised. A simplified
scheme for the histological assessment of lung disease of laboratory rats was
introduced, and was used in a collaborative appraisal of lung tissue of
colonies from several research teaching institutes (see Sections 5.5.1, 5.5.2,
5.5.3).
It was shown that conventional status animals were generally inferior,
having a greater incidence of respiratory disease stigmata and that even for
barrier maintained animals, there was a need for routine histological
monitoring.
The infectious disease-free state of a colony cannot of course be solely
related to lung health and, where radiation studies are required, the presence
of sub-clinical or silent infections becomes a serious determinant of the
usefulness of an apparently healthy colony. Examples of such compromising
organisms are Bacillus piliformis. Pseudomonas pyocyaneus. Proteus vulgaris,
Klebslella pneumoniae and Citrobacter fruendii. each of which, if present in
irradiated animals, may markedly vary LD5Q,30 rates. Experience at this
laboratory has shown that an innocuous organism such as Enterobacter cloacae,
which is regarded as a commensal, colonises the hepatic vascular system and
lung parenchyma following moderately supralethal total body X-radiation of
mi ce.
For radiation biology studies involving total body irradiation of rodents
it is essential that certain common gram negative bacteria be excluded from
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the animal colony and that animals used for such work be maintained free from
variations or 'drift' in microflora association.
Autochthonous gastrointestinal microflora colonisation may need to
include the recently discovered and as yet uncharacterised anaerobic
filamentous micro-organism which has been found attached to the mucosal
surfaces of rat intestine.
There is a need for and interest in 'clean1 laboratory animals in
Australia; the AAEC Animal Facility has provided a source of national
interest leading to valuable interrelationships between biomedical research
institutes.
5.5.1

Collaborative rat lung survey

Sample

Source1

Strain

1

A
A
A
A
A
A
A
A
A
A
A
A
6
B
B
B
B
C
C
C
C
C

Wistar
Wistar
S-D2

2
3
4
5
6
7
8
9
10
11
, 12

13
14
15
16
17
18
19
20
21
22

S-D

Wistar
Wistar
Wistar
Wistar
S-D
S-D
S-D
S-D

Wistar
Wistar
Wistar
Wistar
Wistar
Hooded
Hooded
Hooded
Hooded
DA

Age
(months)
4
4
4
4
8
8
8
8
9
9
12
12
7
7
7
7
7
3
3
3
3
3

Colony type

Conventional
Conventional
Conventional

Conventional
Conventional
Conventional
Conventional
Conventional
Conventional

Conventional
Conventional
Conventional
SPF
SPF
SPF
SPF
SPF
SPF
SPF
SPF
SPF
SPF

Lung
Category
3
3
4
3
3
3
3
3
3
2-3
3
3
2
1
1
1
2
1
2
2
2
1
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23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
D
D
D
D
D
D
E
E
E
E
E
AAEC
AAEC
AAEC
AAEC
AAEC
AAEC
AAEC
AAEC
AAEC
AAEC
AAEC
AAEC

DA
DA
DA

3
3

Hooded
Hooded
Hooded
Hooded
DA
DA

8

DA
DA

3
8
8
8
8
8
8
8
8
8
8
8
3
3
3
3
.3
3
3
3
8
9
8
4
4
4
4
9
9
9
9
12
12
12
12

Wistar
Wistar
Wistar
Wistar
S-D
S-D
S-D
Wistar
Wistar
Wistar
Wistar
Wistar
Wistar
Wistar
S-D
Wistar
Wistar
Wistar
Wistar
Wistar
Wistar
Wistar
Wistar
Wistar
Wistar
Wistar
Wistar
(1) Apart from the AAEC, source symbols
of origin.

SPF
SPF
SPF
SPF
SPF
SPF
SPF
SPF
SPF
SPF
SPF
SPF
SPF
SPF
SPF

3
Conv. held
Conv. held
Conv. held
Conv. held
Conv. held
Conv. held
Conventional
SPF
Conventional
SPF
clean
SPF
SPF
SPF
SPF
SPF
SPF
SPF
SPF
SPF
SPF
SPF
SPF

1
1
1
2
2

2
2
3
3
1-2
3
1-2
1-2
3-4
1
3
2
2-3
1-2
2
2
1
2

3
1
2
1
1
1
2A
A

1
2
2

2
2
2
2

do not identify the laboratory
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(2)

Sprague-Dawley.

(3) These animals were originally clean stock but were held under
conventional conditions.
(4) This animal was from a room found to be contaminated with Klebsiella
pneumoniae. The room was shut down, fumigated and re-stocked.
5.5.2

Collaborative rat lung survey
List of participants
Australian National University
Australian Atomic Energy Commission
Division of Animal Health, CSIRO
Macquarie University
University of New South Wales
University of Sydney

5.5.3

Canberra
Sydney
Sydney
Sydney
Sydney
Sydney

A proposed assessment scheme for laboratory rat lungs with respect to
chronic respiratory disease of conventional type

As a standard, the left lobe of a chloroformed sacrificed animal is
sectioned in a frontal plane longitudinally at 7 pro, cut to display the
bronchial tree.
The histological criteria are grouped to allow a broad classification
system of 5 categories, classes 1 and 2 being free from the chronic
respiratory disease of conventional rat colonies.
Class 1
- If present, round cell cuffing of the major airway is < 1 mm in extent.
- Peri vascular and parenchymal round cell accumulations (RCA) are absent.
- No germinal centres of RCA.
- No goblet cell hyperactivity or mucosal metaplasia.
- No pus cells in bronchi or alveoli.
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- No abscesses or cysts.
- Sub-mucosal lymphoid follicles must be less than 6 in number and not to
exceed 1 mm.
Class 2
As for Class 1 with the exception that RCA may be present up to 2 mm in
length as a major airway cuff and that RCA of low order may be found
perivascularly.
Class 3
As for Class 2 with evidence of goblet cell hyperactivity and RCA
exceeding that of Class 2, together with possible mucosal metaplasia.
Class 4
As for Class 3 though in addition pus cells and/or bronchiectasis or
mucus may be seen. Germinal centres, interstitial pneumonitis, alveolar
ectasia or atelectasfs may be observed.
Class 5

As for Class 4 with evidence of an abscess or caseo-necrotic cyst
formation.
5.6 Collaborative AAEC/Prince of Kales Hospital Program on Critical Organs
under Varying Dose Rates
When animals are exposed to total body irradiation (TBI), three lethal
syndromes are well defined. These are the haemopoietic syndrome, the gastrointestinal syndrome and the central nervous system syndrome. Death from the
central nervous system syndrome occurs almost instantaneously after massive
exposures; the gastro-intestinal syndrome causes death within several days of
acute exposures of 1200-1500 rad, whereas death from haemopoietic failure
occurs within about a month of doses of around 600-800 rad in mice and
probably as low as 400-500 rad in man. Because of the extreme vulnerability
of the bone marrow to radiation injury, damage to other organs has been
hitherto of little concern with respect to accidental exposures. However,
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improvements in the understanding of the immunobiology of bone marrow
transplantation and improved techniques for bone marrow collection and storage
have made bone marrow rescue feasible for personnel exposed to doses in excess
of the lethal level for bone marrow failure. Although it is known that for
acute radiation exposures, the gut is the next most vulnerable organ, this is
not the case with low dose rate exposures, since cells of the intestinal
mucosa show a marked capability for repair of radiation injury during low dose
rate irradiation. Under these circumstances it becomes important to know, for
a range of dose rates, which organ becomes the next most vulnerable to lethal
radiation effects, if bone marrow rescue is successfully accomplished.
A study of this type would also have clinical application. The
feasibility of using marrow ablative doses of total body irradiation followed
by bone marrow transplantation in the treatment of relapsed leukaemia is now
well established. However, the probability of achieving long-term remission,
even in the best hands, is only around 15 per cent because of either failure
to eradicate the leukaemia or lethal complications of treatment. To date, TBI
has been administered in most instances as a single dose, at dose rates
varying from around 5 to 26 rad per minute. On theoretical radiobiological
grounds, it has recently been suggested that the therapeutic ratio for
treatment of haematological malignancies by irradiation would be improved by
the use of either very low dose rates, or fractionated irradiation. This
study is designed to determine the relative effect of radiation dose rate and
dose fractionation on the haematological and non-haematological toxicity of
total body irradiation.
5.6.1

Objectives
(i) To determine the dose rate for TBI giving the maximum separation
between the LD50 for marrow death and that for non-haematological
lethal radiation injury.
(ii) To identify which organ failure fs responsible
haematological death at this dose rate.

for

non-

(iii) To compare the effects of TBI given at the 'optimal' dose rate with
that of TBI given in acute fractionated doses of 200 rad.
(iv) To determine the modifying effect of both intensive cytoreductive
chemotherapy before TBI and allogenic bone marrow reconstitution on
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radiation toxicity.
Improved knowledge of the relative susceptibility of various organs to
injury by low dose-rate total body irradiation could have application in the
management of accidental exposures at nuclear plants. From the clinical
viewpoint, although a degree of success has been achieved with bone marrow
transplantation in the treatment of refractory leukaemia, the toxicity of the
treatment with present day techniques is prohibitive. By determining the
conditions of TBI which permit the maximum separation in dose between that
required for bone marrow ablation and that producing other lethal
complications, the study will permit at least one element of the toxicity of
treatment to be minimised.

6. AAEC CONTRACTS WITH OUTSIDE ORGANISATIONS

6.1 School of Biological Technology. University of New South Wales
The emphasis in this work has moved from the investigation of the
overburden dumps at Rum Jungle to investigation of the open cuts. Temperature
and dissolved oxygen were measured at various depths in White's and
Intermediate open cuts, and water samples were taken to evaluate the various
microbiological populations and determine parameters such as pH and soluble
salt concentration.
In the Intermediate open cut (approximately 67 m deep) there was no
discernible pattern in the distribution of soluble salts on the samples
measured. The dissolved oxygen and temperature decreases steadily from
surface to bottom. Although the levels of soluble iron were very low, J.
ferrooxidans populations were detected in every sample. The numbers increased
markedly in the bottom samples. Sulphur-oxidising organisms grown at pH 5.5
were detected in only two samples towards the middle of the open cut, but
those growing at pH 4.8 on thiosulphate were relatively abundant. At every
site, these organisms were plentiful in the bottom samples except in one
sample where they occurred near the surface. Sulphur-oxidisers growing at pH
6.2 on thiosulphate were not as widespread as those growing at pH 4.8,
although the bottom samples from three sites contained substantial
populations.
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The physicochemical and microbiological population properties of White's
open cut are considerably different from those of the Intermediate open cut.
There is a marked interface (noted before) at the 5 to 5.5 m level between
aerobic conditions (approximately 6 ppm dissolved oxygen (D.O.)) near the
surface and anaerobic conditions (2.0 to 0.7 ppm D.O.) below the interface.
Dissolved salt concentrations were generally about a factor of two higher than
in the Intermediate open cut and showed an increase from surface to bottom of
the opencut. The pH was generally lower than in the Intennediate open cut,
but showed a decrease from surface to bottom. Temperatures taken in White's
open cut had a tendency to increase from the surface to the bottom.
Thiobacillus ferrooxidans populations occurred in all samples with the
highest levels in the bottom samples. No extreme acidophilic sulphuroxidisers were isolated, but the majority of sites yielded sulphur-oxidisers
at pH 4.8, some in very high numbers. It is interesting to note that at every
site except one, the levels of these organisms increased by an order of
magnitude from the sample directly above the interface to the sample
immediately below it. Again, the bottom samples supported the highest
population levels. Desulphovibrio spp. were detected in the bottom samples
from every site except one but, unlike the samples from the Intermediate open
cut, those from White's open cut did not contain J. denitrificans. The pH of
the bottom sediments in White's open cut is probably too low for the growth of
this orgMism.
6.2 CSIRO Division of Environmental Mechanics
This was a short-term contract for a set of measurements to be made on
White's overburden dump to determine the sorptivity and saturated hydraulic
conductivity of the surface material of the dump. The CSIRO field party
carried out these measurements in June 1979; at the same time an AAEC field
party took temperature and soil moisture measurements deep within the dump.
Preliminary analysis of the sorptivity and hydraulic conductivity
measurements indicated that there is a marked uniformity over the whole of the
dump surface compared to the normal field situation. The range of parameters
measured indicated that surface runoff estimates, with the intense and lengthy
rainfall that occurs in the thunderstorms and accounts for most of the rain on
overburden dumps, are consistent with those measured using the gauging station
on the principal runoff.
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Measurements of soil/water loss due to evaporation indicated that a
significant fraction of the rain falling on the dump during these rainstorms
could penetrate deep into the body of the dump.

7. LIAISON WITH OUTSIDE ORGANISATIONS
7.1 Radiological Workshop
A radiological workshop, organised by the Office of the Supervising
Scientist (OSS), was held at the AAEC Research Establishment, Lucas Heights on
27-29 June 1979. The principal objective of the workshop was to discuss the
requirements of the Code of Practice on Radiation Protection in the Mining and
Milling of Radioactive Ores, 1975, and radiation protection and occupational
and environmental monitoring required under the Code for Uranium Mines and
Mills in the Alligator Rivers Region. The focus was on the practical problems
involved in satisfactorily fulfilling these requirements in operational
monitoring programs conducted by mining companies and surveillance monitoring
programs conducted by supervisory authorities. The workshop also discussed
the generic objectives and design requirements for radiation protection and
occupational and environmental monitoring programs.
The workshop was attended by about 60 representatives of mining
companies, private research laboratories, and State and Commonwealth
administrative and research authorities. Six of the seven working groups that
made up the workshop were chaired by AAEC staff and four of these by members
of the Environmental Science Division (Dr K.W. Bentley, Mr G.H. Clark, Dr M.
Petersen and Mr A.R. Williams). The role of the chairman was to prepare
background briefing papers on his areas of responsibility and the working
group summaries and recommendations for the workshop report.
The subjects discussed by each of the working groups were:
- Radiation protection and external radiation monitoring.
- Airborne contamination.
- Aquatic pathway analysis and sampling critical group dose assessments.
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- Radiochemical analysis, counting and laboratory procedures.
- Atmospheric dispersion modelling and meteorological
monitoring.

and air quality

- ALARA - Implications of the ICRP optimisation requirement on radiation
protection in the context of the mining and milling of radioactive ores.
- Bio-assay techniques for the assessment of occupational doses in the
uranium mining and milling industry.
7.2 Assistance to the Office of the Supervising Scientist
During the year the following assistance was given to the OSS to
establish and maintain its activities in the Alligator Rivers Region Uranium
Province.
7.2.1

Management of field facilities

One officer (Mr M.S. Giles) was seconded to the OSS to act as laboratory
manager between October 1978 and March 1979. The duties included day-to-day
management, liaison with mining operators and government departments,
coordination of the in-field operations of bodies collecting environmental
data in the region, and the preliminary establishment of administrative
procedures.
7.2.2

Workshop on soils and metals

Two officers (Dr J.V. Evans
soils and metals arising out of
whole program held in August
established the sampling protocol
system of reporting.

and Mr M.S. Giles) organised a workshop on
recommendations of a larger meeting on the
1978.
Decisions taken at the workshop
and frequency, the analyses required and the

Some liaison and coordination of the field effort were necessary after
the original workshop meeting. A soil surveillance program along the lines
recommended by the workshop was subsequently implemented by the Soil
Conservation Unit of the Northern Territory Parks and Wildlife Commission.
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7.3 Review of Environmental Documentation
The following documentation was reviewed during the year:

Final Environmental Impact Statement - Queensland Mines.
Final Environmental Impact Statement - Pancontinental
Draft Environmental Impact Statement - Noranda
Final Environmental Impact Statement - Noranda
Draft Environmental Conditions Statement - Queensland Mines
Draft Environmental Conditions Statement - Pancontinental
7.4 Acid Mine Drainage Arising from Pyritic Oxidation of Wastes In Coal Mines
In the Lower Hunter Valley
The Greta coal seam in the Lower Hunter Valley contains significant
amounts of iron pyrites. The iron pyrites is concentrated towards the top of
the seam and in the waste rocks immediately above it, with the result that it
occurs in significant quantities in waste rock dumps and tailings dams from
coal washings. As happened at Rum Jungle, the iron pyrites has oxidised in
the presence of air and water and this has led to low pH and high iron salt
concentrations in water draining from those areas. The problem is most
apparent in some of the older, abandoned mines, but it is less in newer mines
where the cause of the problem is recognised.
Well defined procedures exist for the reshaping and revegetation of
tailings areas, but it is not known how effective these will be in the longterm or the extent to which they will stop water of low pH draining from these
areas. There is clearly an area of interest common to the AAEC and the coal
miners in understanding the mechanism of pyrites oxidation and transport of
the oxidation products; this is being investigated with a view to initiating
an experimental program. Visits have been made to several mines in the area.
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7.5 Woodlawn Mines. Tarago. NSW
The ore body at Woodlawn Mine is primarily silver-lead-zinc sulphide.
The ore is mined by an open cut operation with a waste rock production of
about 7 million tonnes annually. This waste rock is expected to contain some
sulphur and there is concern that water running through and out of the dump
will be polluted with heavy metals solubilised by the pyritic oxidation
process.
At this stage, it seems likely that techniques developed at Rum Jungle
can be used to indicate where (if at all Jin the dump at Woodlawn significant
pyritic oxidation is occurring and the possibility of collaborative work is
being investigated.
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TABLE 1
pH5Q FOR VARIOUS METAL/ADSORBENT COMBINATIONS AT LOW METAL
CONCENTRATIONS, SO* CARRIER, 0.1 M IONIC STRENGTH
Iron Oxide
Zn
Co
Mn
Ba
Ra

7.0
™

Illite

Bentonite

Kaolin

A1203

Si02

Blank

6.4
6.9
6.9
10.4
7.7

6.5
7.7
8.1
9.4

6.8
7.6
8.2
9.7
9.9

6.9

7.7

8.8

7.6

9.4

10.6

8.7

9.0

10.5

10.1

>11.5

>11.5

9.9

>11.5

>11.5

10.0

TABLE 2
SUMMARY OF TITRATIONS OF LEAD(II) AT 25°C IN
0.01 mol dm"3 POTASSIUM NITRATE
Total (initial)

Number
pH Range

Lead Concentration
(10"3 mol dm"3)

of Points

2.008

6.418 - 7.350

60

1.004

6.648 - 7.498

50

0.502

6.583 - 7.947

55

0.201

6.697 - 8.218

55

0.100

6.203 - 8.297

60
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TABLE 3
COMPARISON OF SOME MODELS OF LEAD(II) HYDROLYSIS

Model
Number

Model

-lo B

pq

Estimated

Estimated

Standard

Relative

Deviation
of-log B

Standard
Deviation
of B (%)

pq

R - factor

Square
Sum

pq

(4,4)
(6,8)

20.23
43.38

0.008
0.01

2.0

2

(1,1)
(4,4)
(6,8)

8.05
20.28
43.20

0.03
0.007
0.01

3

(1,1)
(3,4)
(4,4)
(6,8)

8.04
23.67
20.44
43.57

4

(1,1)
(3,5)
(4,4)
(6,8)

5

(1,1)
(3,4)
(3,5)
(4,4)
(6,8)

1

1010 x
Error

204.1

0.0080

5.8
1.7
2.8

88.5

0.0053

0.01
0.02
0.009
0.02

3.2
3.9
2.1
4.8

24.9

0.0028

7.79
31.53
20.32
43.20

0.008
0.02
0.004
0.005

1.8
3.5
0.8
1.1

12.2

0.0020

7.86
23.91
31.75
20.40
43.38

0.006
0.02
0.02
0.004
0.009

1.4
4.1
3.7
0.9
2.1

4.3

0.0012

2.6

!I
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TABLE 4
RECALCULATION OF OLIN'S DATA (25°C)

Model

-log 6
P<-[

Estimated

107 x Error

Standard

Relative

Mean Square

Deviation
of -log 6

Deviation
of S (%)

Estimated
a

PSI

PSI

3.0 mol dm"3 NaCIO,,

(1,1)
(3,4)
(4,4)
(6,8)

7.94
22.95
19.26
42.13

0.16
0.06
0.001
0.009

35.2
13.2

(1,1)
(3,4)
(3,5)
(4,4)
(6,8)

7.89
23.01
31.62
19.26
42.13

0.14
0.07
0.14
0.001
0.009

31.0
15.5
30.6

0.14
0.05
0.01
0.01

30.7
11.5

(4,4)
(6,8)

7.80
23.15
19.95
42.76

(1,1)
(3,4)
(3,5)
(4,4)
(6,8)

7.79
23.18
32.27
19.94
42.76

0.14
0.06
0.73
0.01
0.01

30.2
13.2
93.3

7.79

0.2
2.1
7.59

0.2
2.1

0.3 mol dnf3 NaCl(\

(1,1)
(3,4)

2.05

2.3
2.9
2.04

2.5
2.9

It is assumed that a (log B) = h (log(3 + a(B)) -log ($ - a(0)»

TABLE 5
RECALCULATION OF LEAD HYDROLYSIS DATA

Model

-loy 8rq

Estimated
Standard
Deviation
-log Bpq

Estimated
Standard
Deviation
of Bpq (%)

R- factor

(1,1)
(3,4)
(3,5)
(4,4)
(6,8)

7.86
23.91
31.75
20.40
43.38

O.O06
O.O2
O.O2
0.004
O.O09

1.4
4.1
3.7
0.9
2.1

(1,1)
(3,4)
(4,4)
(4,6)
(4,7)
(6,8)

7.86
23.87
20.40
35.67
43.87
43.48

O.OO5
O.02
O.O04
O.O4
O.O4
O.O08

1.1
4.0
1.0
8.2
8.4
1.9

(1,1)
(3,4)
(4,4)
(4,7)
(6,8)

7.87
23.73
2O.44
43.61
43.45

0.006
O.OO9
0.004
O.O2
O.O09

1.4
2.1
1.0
4.0
2.1

O.OO116

(1,1)
(3,4)
(4,4)
(4,6)
(6,8)

7,87
24. OX
20.38
35.41
43.53

0.006
0.03
O.O04
O.02
O.O1

1.4
6.1
1.0
4.0
2.4

0.00118

O.OO116

ro

O.O0093

TABLE 6
THERMODYNAMIC PROPERTIES OF RADIUM AND SOME OF ITS
COMPOUNDS AT 298.15 K (25°C)

AH"

Substance
Formula and Description

226.025

Ra(OH>2

S°

J/deg/mol

kJ/raol

0

0

71.0

-527.6

-561.5

242.0244

-523.0

-493.

c

260.040

-950

RaF2

c

264.021

-120(

-1149

RaCl2

c

296.931

-887

-841

134.0

-861.9

-823.8

167.0

RaCl2 std. state, m=l

aq

RaBr2

c

385.833

Ra(I03)2

c

575.8302

RaS

c

258.085

RaSOi,

c

322.0866

RaSOi» std. state, m=l

aq

c

Ra(N03)2
Ra(NO3>2 std. state m-1

350.0346

aq

RaC03

c

1 cal

286.034

4.184 J,

C°
P

298.15 K (25°C)

State Formula
Weight

c
aq
c

Ra
Ra2+ std. state, m=l
RaO

«?

54.0
45.6

-83. 8

89.1
72.8

-770
-1026.8
-444

79.1
-868.6

272.0

-436

51.7

-1471.1

-1365.7

138.0

-1436.8

-1306,7

75.0

-992.0

-796.2

222.0

-942.2

-784.1

347.0

1222.7

1J

76.6

0.2390057 cal

103.8

156

CO

TABLE 7
HEAT CAPACITY AS A FUNCTION OF TEMPERATURE
Cp = a + b x 10"3T + c x 105T AND THE TRANSITION TEMPERATURE

UNITS: K and J mo]'1
a

b x ID"3

c x 105

Ra

c

20.92

20.92

-

H2

g

27.28

3.26

+0.50

02

g

29.96

4.18

-1.67

F2

g

34.56

2.51

-3.51

C12

g

37.03

0.67

-2.85

Br2

g

37.32

0.50

-1.26

S

c

14.98

26.15

-

N2

g

28.58

3.77

-0.50

RaO

c

43.9

8.37

-

Ra (OH) 2

c

109.0

-20.6

-12.6

T

MK

>2500

800

RaF2

c

69.9

30.12

-

1600

RaCl2

c

77.0

10.88

-

1300

RaBr2

c

93.6

-1.58

-12.6

1200

RaS

c

61.1

-0.17

-8.4

2000

RaSO^
Ra(NO3)2

c

122.9

-32.7

-8.4

1900

210.1

-130.0

-12.6

900

c - crystal;

g = gaseous

TABLE 8
AGf(T) A RANGE OF RADIUM COMPOUNDS AND
Ra2+ FOR VARIOUS TEMPERATURES IN kJ mol"1

°c
RaO

25

50

-493.0

-491.0

100

150

200

250

300

-486.0

-481.0

-476.0

-471.0

-466.0

-83.8

11.5

133.0

278.0

423.0

567.0

712.0

RaFa

-1149.0

-1145.0

-1136.0

-1128.0

-1120.0

-1111.0

-1103.0

RaCl2

-841.0

-837.0

-829.0

-822.0

-814.0

-807.0

-800.0

RaS

-436.0

-436.0

-435.0

-434.0

-433.0

-432.0

-431.0

-1366.0

-1357.0

•1340.0

-1322.0

-1304.0

-1287.0

-1269.0

Ra(N0 3 ) 2

-796.0

-780.0

-758.0

-715.0

-683.0

-650.0

-617.0

Ra2+

-561.0

-564.0

-567.0

-568.0

-570.0

-571.0

-572.0

Ra(OH) 2

RaSOtt

en
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TABLE 9
COMPARISON OF THE ABILITY OF X-RAYS, 3H-THYMIDINE
DECAYS, AND 3H-URIDINE DECAYS IN THE NUCLEUS, TO KILL
'Don1 CELLS (ALL IRRADIATIONS DONE AT -196°C)

DQ values (rad)
at -196°C

RBE with
respect to X-rays

X-rays

673

1.0

3

H-thymidine
decays

226

3.0

3

596

1.1

Type of radiation

H-uridine decays
in nucleus

RBE - Relative biological efficiency

55

50
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!45

40

35

10
DEPTH ( m )

Figure 1

15

Temperature distributions down the six
probe holes in White's overburden heap
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Figure 2

Heat sources calculated from the observed
temperature distribution in White's overburden heap.
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Neutron scans for holes A and D showing the difference between profiles taken
in the wet and dry seasons.
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The neutron and gamma probe scans hole F. The scales shown for water content
and density are approximate.
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The energy distribution of electrons
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A comparison of the shape of the double differential
cross section for electrons ejected at 30° by 30 keV
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authors.
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Figure 10

Profiles of Zn, Mn, Fe, Na, Ca, Mg and clay in alluvial
soil down the Magela waterway, standardised to zero mean
and unit variance. The two regression lines are fitted
to the clay data.
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Figure 11

Profiles of total and available 226Ra in alluvial soil
down the Magela waterway. Concentrations have been
standardised to zero mean and unit variance.
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standardised to zero mean and unit variance.
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A summary two-dimensional display of the relationships between radium
and the other elements according to their distribution in soils,
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Sample regressions of survival duration on activity of free cupric ion
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1. INTRODUCTION

The activities of the Instrumentation and Control Division have continued
in the main to be directed towards supporting the research and operational
requirements of other Research Establishment projects, especially in the areas
of digital systems and hybrid computing, together with the necessary
development and supply of the new and specialised electronic instrumentation
needed for a wide diversity of applications.
Provision of maintenance and repair services for electronic
instrumentation and semiconductor radiation detectors has continued at a
sustained level of demand.
Research on the maintenance of standards of radioactivity and absorobed
dose has continued, with involvement at an international level.
Intercomparison measurements of
Cs samples, reliability tests of counting
corrections and accuracy measurements of Ge(Li) detectors at low Y-ray
energies were carried out. The problem of converting absorbed dose in
graphite to absorbed dose in water was studied as part of an exercise being
conducted by a working party of the CCEMRI.
Laser development to support research in the isotope enrichment project
has centred on the building of a new C0« laser which has a higher pulse rate
than previously attained. The new instrument appears to operate reliably.
During the period, the strength of Instrumentation and Control (I and C)
Division was seriously depleted following four staff resignations. With one
exception, these occurred in the technical area.
With the pending retirement of highly trained and experienced technical
staff, the future outlook is, to say the least, most unsatisfactory
especially when no staff have been replaced during the year.
Mr S. Pearton of the University of Tasmania's Physics Department was
attached to the Radiation Detector Group after taking up an AINSE Studentship.
He will be studying defects in semiconductor materials used for nuclear
radiation detectors.
Dr A.J. Tavendale was designated Acting Chief, at the commencement of
1979 following the temporary transfer of Dr J.K. Parry to Physics Division as

Acting Chief.
2. RADIOACTIVITY STANDARDS

[6.C. Lowenthal, H.A. Wyllie, V. Page]
Research and development to establish and verify standards of
radioactivity pursuant to the provisions of the Commonwealth National
Standards Act have continued. Specialised techniques of radioactivity
measurements have been applied to research projects undertaken at the AAEC
Research Establishment.
2.1 International Collaboration
Representation and cooperation
The AAEC now has membership of two important international committees
responsible for the evaluation and the planning of research into all aspects
of radionuclide metrology: Section 2 of the Consultative Committee on the
Metrology of Ionising Radiations (CCEMRI), a unit of the International
Committee for Weights and Measures (CIPM), and the International Committee on
Radionuclide Metrology (ICRM). Dr G.C. Lowenthal participated at the 1979
meetings of both of these committees, the former in Paris and the latter in
Braunschweig, Germany.
Through these meetings and associated visits to radioactivity standards
laboratories of Japan, the German Federal Republic, France, Belgium and the
USA, the integration of AAEC work into the main stream of advances of
radionuclide metrology is all but complete. The Section 2 Committee will meet
again in June 1981 and an ICRM meeting is expected within a fortnight of that
date. The attendance of an AAEC representative at both meetings, but
certainly at the Section 2 meeting, is highly desirable.
Cooperation through attachments and visits
The twelve-month attachment to this group of. Mr T. Genka from the
Japanese Atomic Energy Research Institute (JAERI) ended on 31 March 1979. A
two-day visit to JAERI by Dr G.C. Lowenthal during March 1979 further
strengthened the relationship between the AAEC and JAERI and future

cooperation is expected, especially on gamma-intensity measurements and source
preparation.
Cooperation with the German Federal Republic's Standards Laboratory (PTB)
at Braunschweig was strengthened by Dr Lowenthal's acceptance of an invitation
to take up a two-month appointment as visiting scientist. One of the projects
was the standardisation of the activity of 55pe (see Section 2.2).
2.2 Research on the Maintenance of Standards
Adsorption effects
The narrowing of the dispersion of results of international intercomparisons (see Section 2.3) requires greater awareness of residual
systematic errors likely to affect all results almost equally. Measurements
made at the Research Establishment have demonstrated the build-up of adsorbed
134cs on to the glass of ampoules. This process affected the results of the
1978 international intercomparison by 0.02 to 0.04 per cent, which is no
longer a negligibly small quantity. The build-up of adsorbed activity was
measured to within ± 20 per cent in a calibrated ion chamber even though it
was only 50 per cent down to 10 per cent of the natural background. The
effect had been overlooked elsewhere but its existence has now been
acknowledged.
Standardisation of 55Fe activity
A counting procedure originally suggested by the IAEA could improve the
accuracy of a procedure developed by the Radioisotope Standards Group some
years ago to measure the activity due to pure electron capture decay, e.g.
55
Fe activity. Accurate activity measurements of 55Fe are of general interest
because 55pe is an important low-energy (5.9 and 6.5 keV) X-ray intensity
standard. The AAEC method is based on the analysis of expected countrates
from 55pe sources in methane and in argon containing 10 per cent methane
respectively. Measurements are in progress to test the improvement in
accuracy which is realisable from the joint employment of the IAEA and the
AAEC method.

Quality of Ion exchange resins
The success of the 55pe activity standardisation depends critically on
the ability to make sources with the highest possible 4it counting
efficiencies. By prolonged grinding and the use of hexane-ethanol suspension
media, Mr H.A. Wyllie has produced a Mark 2 resin with a much more favourable
size distribution than the Mark 1 resin. This was verified by electron
microscopy carried out by members of Materials Division.
Range of sizes Numbers in stated range
Mark 1
Mark 2
(um)
resin
resin
< 0.05
0.05 - 0.15
0.15 - 0.30
> 0.30*

135
65
23
6

850
24
6
-

*upper limit 0.4

Tests are in progress to determine if the fine-grained resins are, for our
purposes, superior to the normal product.
4n counting
The radionuclide ce has a half-life of 32.5 days and a gamma- spectrum
similar to that of 0.25 day 99mjc. This makes 141Ce highly suitable for use
as a mock standard for checking the accuracy of dose calibrators in nuclear
medicine departments. Arrangements were made with Isotope Division to provide
samples for the calibration of secondary standard instruments; the samples
were prepared from enriched target material to minimise radionuclidic
impurities. Samples with absolutely standardised activity were submitted to
the international reference system to check on their consistency with overseas
results; however, at that date only one other country had submitted 141ce
samples. That result differed by 0.7 per cent (l<r), which is well within the
uncertainties.
The stability reliability of the 4irp-7 is constantly checked against
selected 60co sources. The year-to-year reproducibility of results is now of
the order of 0.02 per cent (l<r).

2.3 International Intercomparisons
Three intercomparisons took place during the period:
(a) The radioactivity of samples of !34cs. This was organised by the
BIPM under the aegis of the CCEMRI.
(b) Two comparisons concerned with the accuracy of gamma-spectrometry
were held under the aegis of ICRM. The first was organised by IAEA
Vienna, to test the reliability of pile-up and dead time
corrections; the second was organised by the LMRI Saclay, to test
the accuracy of gamma-intensity measurements with the Ge-Li
detectors at low gamma energies (53 to 384 keV) using 133|ja.
Preparation and work on these comparisons occupied more than 50 per cent
of available effort. No further intercomparisons are planned before 1981.
Pile-up exercise
The object of this exercise was to test the accuracy of corrections for
large pile-up and dead time effects on gamma spectrometry. Since about 70
laboratories submitted results (over 300 had applied to participate and
received samples), a report on this work cannot be expected for some time.
The high rate of failure to return results is a clear indicator of the
inherent difficulties in such an exercise.
Auxiliary measurements made in this laboratory and preliminary
information received from Vienna permitted the overall quality of AAEC results
to be assessed. There are two conclusions: (i) as long as the live time of
the spectrometer exceeds about 66 per cent - and, in the past, counting
conditions had been invariably arranged to ensure that this is the case correction procedures are accurate to within previously estimated
uncertainties (± 1.0 per cent at la); (ii) for live times < 66 per cent,
errors increase, reaching 5 to 10 per cent - depending on particular
circumstances - at a live time of about 10 per cent. To complete this project
it was necessary for Mr V. Page to program a TI/59 desk calculator to compute
the gamma-peak areas; this was satisfactorily accomplished.
The experience gained during this exercise has provided useful clues for
the realisation of more accurate corrections when live times are <60 per cent.

However, improvements will hardly be possible without updated equipment. For
the time being, it will be preferable to continue operating within the
restrictions indicated in point (i) above.
International inbercomparison of gamma
intensities for 133Ba
During the 1976 gamma intensity intercomparison for !52Eu i* was
demonstrated that the quality of results depends critically on (a) accurate
efficiency calibrations of the spectrometer over the energy range of interest,
and (b) the employment of satisfactory peak fitting procedures. The fact that
new procedures are still being published from time to time illustrates that
accurate peak fitting remains a far from easily achieved objective.
Well established standardisations of radioactivity (AAEC/PR45) are an
important factor for satisfying condition (a), and much work has been done to
improve procedures under condition (b).
For several reasons, including limitations on the performance of gamma
spectrometry equipment and available effort, results for intercomparisons of
gamma intensity measurements were not as favourable as those for
intercomparisons of radionuclide activities. However, we expect international
results for 133[ja to agree with those of the AAEC, within the estimated
uncertainties, i.e. ± 1.0 per cent for the more intense gamma lines at 80,
303, 356 and 384 keV. These results are expected early in 1980.
2.4 Reactor Radiation Metrology
(Joint project with Materials Division)
Saturation
activity
data
for
eight
radionuclides
(46Sc, 47sc, 48Sc, 54Mn, 59Fe> 60Co> llOniAg, and 124$b), accumulated during
1977/78, were processed and interpreted. An important problem is to correlate
data obtained during different reactor periods. Given the confidence which
could be placed in the reliability of the activity measurements made under
carefully controlled conditions, a procedure worked out by Mr R. Hilditch
(Materials Division), successfully correlated saturation activities with
independently measured reactor parameters. Further work is planned to test
all aspects of the new procedure.

The results of this work will be presented at the 3rd ASTM-EURATOM
symposium on reactor dosimetry to be held in October 1979 at Ispra, Italy.
2.5 Contribution to Cosmochronometry
(Joint project with Physics Division)
After establishing values for the branching ratio 176m|_u / 176LUj c\\QCk
measurements were made to obtain thermal and fast neutron activation cross
sections for !65Ho and 151Eu. These will provide supporting evidence for the
176m|_u results. It is expected that this cycle of measurements will be
completed by March 1980.
2.6 Internal and External Supply of Radioactivity Standards
Moves have continued, in cooperation with Isotope Division, to encourage
Nuclear Medicine Departments to verify the accuracy of their activity
measurements. In addition, 38 formal requests for activity measurements were
satisfied including 11 non-AAEC requests. One request was from the Indonesian
Atomic Energy Agency, Bandung, who required standards for seven radionuclides;
another came from the International Bureau of Weights and Measures, Paris.
Both organisations required very thin 244Cm sources for accurate determination
of o-energies.
3. RADIATION STANDARDS

[D.F. Urquhart, M.S. Badger, E.P. Johnson]
3.1 Australian Representation on the CCEMRI
Australian national standards of measurement of absorbed radiation dose
and exposure are maintained jointly by the AAEC Research Establishment
(absorbed dose) and the Australian Radiation Laboratory (exposure). Australia
is participating in this field at an international leve^ being, for the first
time, a member of Section I (X and gamma rays and electrons) of the CCEMRI.
This committee meets triennially with the International Bureau of Weights and
Measures (BIPM) in Paris to report on progress and make appropriate
recommendations to the CIPM.

Australia was represented at the last meeting of the CCEMRI in May 1979
by Mr N. Margrave of Australian Radiation Laboratory (ARL). Reports from ten
national standards laboratories were tabled at this meeting including a report
from the AAEC. At this meeting, the Australian representative was appointed
to two of three international working parties set up to investigate particular
problems in the field of radiation standardisation.
These developments have necessitated increased collaboration between the
AAEC Radiation Standards Group and the corresponding group at ARL, resulting
in reciprocal visits to the respective laboratories by Mr Hargrave (ARL) and
Mr Urquhart (AAEC) before and after the BIPM meeting. As a result of these
discussions, the Radiation Standards Group has undertaken to prepare a report
on work being done here on the problem of converting absorbed dose in graphite
into absorbed dose in water. This problem is the subject of one CCEMRI
working party. This study is well advanced and a report is being prepared and
will be forwarded to the working party chairman, Dr R. Loevinger of the US
National Bureau of Standards (NBS).
3.2 Repairs to the Graphite Calorimeter
Some thermistor instability developed in the absorber of the graphite
calorimeter. A special graphite cutting tool was made by Engineering Services
Department to enable new ones to be installed. A comparison was made of the
stability of thermistors supplied by various manufacturers using a constant
temperature test chamber made specially for this purpose. Slowness in
delivery of thermistors from some manufacturers has delayed completion of this
work.
3.3 Beta Dosimetry
Following modifications to the extrapolation chamber used for beta
radiation dosimetry, long-term stability tests were made over a period of five
months. The standard deviation observed in these measurements (± 1.4 per
cent) was greater than expected. An investigation of the various factors
responsible for this variation is in progress and it is expected that the
precision of the instrument will be improved to something approaching ± 0.5
per cent. A technical note describing the modified instrument is being
prepared.

An experimental scintillometer probe was constructed and tested, as well
as a possible transfer instrument for the dosimetry of curved ophthalmic beta
sources which cannot be measured directly with the extrapolation chamber. The
results were satisfactory and apparatus for the routine use of such a probe is
being constructed.
3.4 lonisation Chambers
Tests were continued on the long-term stability of ion chambers used as
working standards of absorbed dose in carbon and water.
3.5 Staff
Arrangements have been made for Mr W.S. Badger to work part-time with the
Digital Systems Group to obtain experience with microprocessors. Mr E.P.
Johnson is continuing with his part-time science degree course.

4. SEMICONDUCTOR MATERIALS

[G.C. Wall, A.J. Tavendale]
4.1 High Purity Germanium
In 1978, a significant yield of germanium crystals of the required purity
for detector fabrication was obtained for the first time. This material was
produced by a zone-refining process developed at the Lawrence Berkeley
Laboratory, University of California. The process consists of zone-refining
the germanium in hydrogen, using a quartz boat coated with silica smoke
produced by burning silane gas.
A number of variations of this technique have been investigated; it
appears that two-stage refining with twenty passes per stage gives the best
results. Each bar provides enough germanium to grow two 400 g crystals. The
yield of high purity germanium appears to be about 30 per cent but further
data are needed to check this value. We have begun a program to process our
entire stock of germanium (about 20 kg) using this technique; this should be
completed by May 1980.
In an endeavour to improve the yield, further
improvements have been made to the handling procedures, particularly the
crystal puller, to reduce the probability of recontamination of the purified
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germanium.
Considerable emphasis has been placed on the investigation of the
extraordinary distribution of impurities in the germanium crystals. It is
common for crystals to change from p-type to n-type along their length. This
indicates that the concentrations of aluminium acceptors and phosphorus donors
in these crystals are very nearly equal. This feature has been observed
frequently in the crystals grown in other laboratories and it is surprising
that other workers appear to have accepted that this could occur by fortuitous
contamination of the germanium with aluminium and phosphorus.
This year we surveyed the impurity profiles of all of the crystals grown
in this project (approximately 450 crystals) and all of the available results
from other laboratories. The close balance of acceptors and donors occurred
so frequently in these crystals that it is almost certain that this is not the
result of chance contamination by aluminium and phosphorus. It has been
accepted for some time that aluminium in molten germanium reacts with oxygen
and silicon (which are always present in varying concentrations) to give
electrically inactive oxides and silicates. There is also evidence that
aluminium can adsorb on the quartz crucible used for crystal growth. We are
now reasonably confident that phosphorus must also be involved in chemical
reactions with aluminium, silicon and oxygen and that the close balance
between free aluminium and free phosphorus is the result of the partial
dissociation of the resulting compounds. If this is correct, then the
function of zone-refining may not be solely to remove impurities from the
germanium but also to produce the optimum concentrations of silicon and oxygen
(and possibly other elements) to yield the most stable electrically-inactive
aluminium-phosphorus compounds and to control the balance of free aluminium
and phosphorus resulting from the dissociation of these compounds.
Unfortunately, electrical measuranents such as resistivity and Hall
effect at 77 K, yield only a measure of the net difference between the
concentrations of donor and acceptor. Photothermal ionisation spectrosocopy
identifies which donor and acceptor elements are present but does not give an
accurate measurement of their concentrations. The only method available for
measuring the concentrations of total aluminium, phosphorus and silicon (but
not oxygen) is spark source mass spectrometry (SSMS) but, in spite of the
great sensitivity of this technique, it is barely adequate for the extremely
low concentrations of impurities in the germanium. (See below for further
comments on this technique.) We are forced, therefore, to use rather indirect
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methods to try to establish the nature of chemical reactions which may have a
role 1n the control of the electrically-active Impurities in the germanium.
Some evidence for phosphorus-aluminium reaction was obtained from an
experiment in which a crystal was grown under oxidising conditions from a
charge of germanium which had been very heavily doped (about 500 ppm) with
aluminium and phosphorus. A precipitate which adhered to the crystal was
analysed in the scanning electron microscope and phosphorus and aluminium were
found in roughly equal concentrations. Aluminium oxide would be expected to
precipitate under these conditions but phosphorus would normally stay in
solution in the germanium at this concentration ard hence its presence in the
precipitate may indicate compound formation.
In another experiment, the standard zone-refining operation was stopped
after seven passes and nine crystals were grown from sections of the bar to
determine the impurity profile along Its length. The net donor level along
the length of the bar was roughly constant, whereas free phosphorus would be
expected to show a 1000-fold variation in concentration along the bar under
these conditions. One possible explanation for this result is that the free
phosphorus level was being held constant by the presence of a non-segregating
phosphorus compound.
4.2 Spark Source Mass Spectrometry of Impurities in Germanium
As reported previously, considerable effort has been applied in the
analysis by SSMS and PTIS (photothermal ionisation spectroscopy) in an attempt
to determine the type and concentration of residual impurities (particularly
Al, P and Si) in HPGe. This research has continued using mainly SSMS to trace
impurity sources. An attempt has also been made to determine whether or not
there is interaction between Al and P (and possibly S1) in formation of
compounds, since these elements are invariably present.
An experiment to detect Iinteraction
between Al and P was carried out by*
f
n
high level doping (approx. 10 atoms cm" ) of normal frozen bars of germanium
followed by SSMS analysis. For comparison of impurity distributions, bars
were doped individually with Al and P, analysed, then combined for normal
freezing. This experiment was unexpectedly complicated when an unusually low
detection sensitivity was found for phosphorus in germanium, being twenty to
thirty times lower than predicted on the basis of electrical measurements. As
a consequence, no reliable interpretation could be placed on the results. It
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was noted again that in one undoped bar, the residual Al and Si concentrations
were equal at 3 x 1014 atoms cm"3. This equivalence in concentration between
Al and Si has been frequently noted in analyses of HPGe, suggesting the
involvement of these elements in some form of complex or compound.
Further
1
77
^
"
doping experiments at higher concentrations (approx. 10 - 10 atoms cm~°)
to improve sensitivity have been completed but not yet analysed.
Of particular interest has been the result of a recent SSMS analysis of
the 'electronic' grade type UF-4S graphite used as a containment for zonerefining germanium in the initial stages of p^rification. The graphite sample
analysed contained approx. 0.1 ppm phosphorus. This result, together with
other experimental zone-refinings in graphite boats which indicated phosphorus
pick-up, point to this material as a potential source of phosphorus
contamination.

5. COMPOUND SEMICONDUCTORS

[A.J. Tavendale, D. Alexiev]
As reported during the previous period, effort has continued on the
growth of cadmium telluride (CdTe) by sublimation in sealed tubes. Although
this technique has been found suspect as a method for purification (impurities
are carried over in the vapour state) it has the advantage that contamination
from the containment (silica) is considerably reduced compared with growth
from the melt. Unfortunately, supplies of high purity Cd and Te have not been
received and attempts at sublimation growth have been continued with less pure
material.
We have successfully developed a modified technique for sublimation
growth of CdTe under controlled Cd vapour pressure conditions, utilising a
moving crucible. This method enables growth rates to be closely controlled,
unlike other schemes which use static crucible-furnace arrangements. Ingots
grown by the new method have so far been examined only superficially, but they
appear to be highly crystalline.
Following on earlier findings that purification of gallium arsenide
(GaAs) by sealed tube vapour phase growth was inadequate, we have now turned
to the possibility of zone refining or normal freezing GaAs melts in boron
nitride crucibles under controlled As vapour pressure. This procedure, which
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Is commonly used in the preparation of GaAs, suffers from the inevitable
transport of Si from the heated silica tube (approx. 1200°C) surrounding the
melt,giving high level contamination to the melt. However, we have devised an
alternative furnace arrangement using indirect heating which may obviate the
necessity to heat the silica tube to such temperatures. The practical
feasibility of this idea is being tested in a newly constructed furnace.

6. NUCLEAR RADIATION DETECTORS

[A.J. Tavendale, E.M. Lawson, A. McBeech, A. Williams, S.
(*AINSE student)

Pearton*

Activities have concentrated on developing further techniques for the
construction of HPGe detectors, especially the optimisation of etching
procedures for minimising leakage currents. In addition, some preliminary
work has been carried out on laser aided surface doping for contact formation
on semiconductor detectors. A deep level transient capacitance spectrometer
system has been built using an exponential correlator and utilising the
continuous flow helium cryostat employed to investigate trapping centres in
semiconductor detectors and materials. This instrument is a significant
addition to the Radiation Detector Group's inventory of diagnostic equipment
for the assessment of semiconductor materials properties, and will permit a
wide range of studies on the relation between detector performance and
trapping centres. The systen may also be useful in studying semi conductor
materials in photovoltaic devices.
6.1 HPGe Detectors - Cycling and Storage at Room Temperature
Long-term tests have been completed on a set of six planar detectors
housed in a standard AAEC sieve-pumped cryostat. These detectors have
survived eight cycles to room temperature (RT) and have spent a total of 255
days at RT - the last and longest period being 128 days. The conclusion is
that the wax (Kel-F) coating of three of the detectors is not responsible for
any passivation.
}'
It is now thought appropriate to terminate cycling and storage tests on
these HPGe detectors. The results of the above and previous work have been
disappointing. No surface coating technique has been found to produce a
positive passivation. Rather, the quality of the cryostat - its internal
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cleanliness and its vacuum integrity - is the feature which determines the
ability of a detector to withstand cycling and storage at RT. It is intended
to continue to monitor progress in semiconductor device manufacturing for
possible new passivating agents*
6.2 HP6e Detectors - Methods to Obtain Low Leakage Currents
An experimental search has been conducted in an attempt to find a
reliable method for obtaining low leakage currents at high applied reverse
bias. Previous investigations on the cycling and storage of HPGe detectors at
room temperature also attempted to obtain (as well as maintain) low leakage.
The best treatment seemed to be a final etch in HF (10 per cent HN03). This
produced a thick oxide layer.
The present systematic investigations examined two etchants which
produced strong oxide layers, i.e. HF or HF and H202 in equal amounts. Of
these, the latter, HF and H202, appears to give the better results. A further
improvement is obtained by finally washing in H20g. The information here is
strictly relevant to p-type material and will need to be confirmed for n-type
material.
Two geometric configurations were examined: a guard ditch cut through
the Li blocking contact; and a groove cut into the exposed basic Ge surface.
The groove produced lower leakage than the ditch.
6.3 Laser Aided Surface Doping for Detector Contacts
Preliminary work has been initiated on laser aided surface doping of
semiconductors. The primary objective is to produce contacts for nuclear
radiation detectors. Much work has been performed in overseas laboratories in
annealing of ion-implanted semiconductors by laser, silicon in particular.
The present work, however, involves the incorporation into the surface, of a
suitable doping impurity, by melting the surface layer with a laser pulse.
The source of the impurities is a thin layer laid down on the surface by
evaporation or some other suitable process.
The work utilises a Q-switched ruby laser (\ = 0.6943 jim) belonging to
and operated by the AAEC's Physics Division. This can deliver, in a 50 ns
pulse, the energy (>~1.0 J cm ) required to melt a surface layer almost 1 ym
thick. We have been able to produce in germanium a heavily doped, n-type

15

surface layer by using a phosphorus loaded 'paint'. It is intended to show
doping from evaporated metal layers such as aluminium, gallium, indium and
antimony.
6.4 Deep Level Transient Spectroscopy (PITS)
The Radiation Detector Group has constructed a system for the
characterisation of deep level impurities in semiconductor materials for
nuclear radiation detectors. The technique, developed at Bell Laboratories in
the United States, consists essentially of a fast capacitance bridge and a
specialised signal processor (Miller correlator) for analysing the exponential
capacitance transients produced by the movement of the depletion region in a
reverse biased diode containing deep level trapping centres. This technique
provides the thermal activation energy capture cross section, and defect
concentration profile for all electrically active impurities down to approx.
20 -meV from either band-edge. The bootstrap sensitivity of the technique
means that in the purest Ge, approx. 105 impurities cm may be detected
(approx. 1 part in 10 atomic). Samples may be in the form of an actual
radiation detector, so that material and device characterisation is performed.
The group has applied the technique for the first time to gammairradiated Ge, and detector grade GaAs. Deep donor levels (E -0.36 eV, EC
-0.20 eV) introduced by long-term, room temperature annealing in gammairradiated Ge have been observed for the first time; these could not be
removed by thermal annealing at approx. 900°C for three hours. In Ge grown at
the Research Establishment, gamma-irradiation has produced many previously
unobserved levels, the deepest being a donor at Ec-0.42 eV in n-type material,
and an acceptor at Ey +• 0.38 eV in p-type material. The As-grown Ge has shown
an average of three deep levels per sample with typical defect concentrations
of 10~2 of the background doping; this is approximately two orders of
magnitude too high for ultimate detector performance.
GaAs samples grown by the I and C Materials Group have been
characterised, and the ratio of trapping centres to doping density compares
favourably with material obtained from overseas. The requirement for
efficient, room temperature gamma-ray detectors is to reduce the doping
density from the 1014 - 1015 cm"3 range to 1011 - 1012 cm"3 but retain the
current ratio of trap-to-doping density. On average, this material is showing
one significant trap type per sample. Several new trapping levels have been
observed in the GaAs, and the Poole-Frenkel effect identified for the first
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time. A value for the Poole-Frenkel constant of 4.7 x 10~4 eV V-l/2 cm1/2 has
been obtained, compared to the theoretical value of 2.3 x 10 eV V-l/2 cm1/2;
tunnelling effects may be the cause of the discrepancy.
Silicon radiation detectors, which proved resistant to Li-ion drifting,
have also been scanned and three oxygen-related levels identified, confirming
the presence of 0 as the cause of the failure to achieve compensation by this
method. A small number of CdTe samples grown at the Research Establishment
have been tested and found to contain two to three traps per sample, at a
level of approx. 10 of the background doping density; the requirement here,
as with the GaAs, is to reduce the shallow level impurity density.
6.5 Construction and Maintenance of Semiconductor Detectors
The construction of the XRF spectrometer for use with the Tokamak device
at the Australian National University was successfully completed and the
instrument was conveyed to Canberra and installed without incident.
Work on an XRF spectrometer for CSIRO's National Measurement Laboratory
was initiated. This instrument is to be used in Mossbauer studies.
Modifications were successfully carried out on two occasions to an XRF
spectrometer owned by the Physics Department, Melbourne University.
Maintenance was carried out on several Ge(Li) spectrometers held by
Isotope Division.
Design of an XRF probe based on thermoelectric cooling commenced during
the latter half of the year. This instrument is intended for in-plant mineral
slurry analysis and is being developed in conjunction with Isotope Division.
Overseas visit
A short-tenn, state-of-the-art overseas visit was made by Dr A.J.
Tavendale during October 1978.
He attended the 25th Nuclear Science
Symposium, Washington, and visited five laboratories for discussions on
semiconductor nuclear radiation detectors and materials.
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7. DIVISIONAL RESEARCH

7.1 Reliability Analysis
[E.R. Corran, H.H. Witt]
A suite of fault-tree analysis programs is being developed to enable
designers with relatively little training in reliability analysis and computer
operation to estimate the reliability of possible systems early in the design
stage and to evolve a system which meets specified reliability objectives.
Although not eliminating the need for later independent review, this procedure
minimises the likelihood that such a review will reveal major shortcomings
necessitating modifications and project delays.
The programs operate interactively and eliminate most of the housekeeping
tasks between the initial construction of a fault-tree and the presentation of
a reliability analysis. The user can concentrate on the creative task of
developing the system fault-tree, which may be modified and displayed
graphically. For preliminary investigations, system data can be derived
automatically from a generic database included in the suite but, as the system
is refined, improved estimates of critical fault-rates, test and maintenance
schedules can be inserted.
The computations performed are standard: identification of minimal cutsets; estimation of reliability parameters; and ranking of the effect of the
individual basic faults and cut-sets on these parameters. The user can vary
the fault-trees and data, and print selected data in a form suitable for
inclusion in safety reports. The programs are written in FORTRAN for the
IBM370 computer, and can accommodate systems with 500 basic faults and 500
gates.
7.2 Hybrid Computer Software
[P.C. Miskelly, N.R. Clark]
The RT11 operating system is now fully operational on the PDP11 computer
portion of the hybrid computer system. This has resulted in faster access to
disk storage for the latter's 640 digital computer, and in enhanced software
reliability as RT11 is well documented and considerable expertise is locally
available. Further, the use of RT11 provides the hybrid system with access to

18

the wide range of services available on the central computer via the PDP11/45
node of the Dataway. In conjunction with the development of a disassembler
program, it has been possible to reconstruct and store the 640 system software
on the central computer in source form; this will permit enhanced system
development using the extensive range of interactive facilities available.
7.3 Digital System Development
[P.J. Ellis, D.J. Reid, J.D. Milne, C.G. Laman, N.M. Hudson]
A small controller using the 8085 microprocessor system is being
developed, and will be capable of running a small data collection experiment
and sending the results down the SMUT line. This will enable a large amount
of data to be handled without the need for local storage or some alternative
data storage medium such as paper tape or a significant magnetic system. The
unit has the disadvantage that it can operate effectively only when the larger
Dataway nodes are active to provide the necessary storage facilities. The
controller is capable of operating as a straightforward message switch, so
that terminal access to the central computer is still available when the
experiment is not running.
The feasibility of replacing the SMUT system with a specialised line
which would enable more efficient use of the available time has been
investigated. The system was to have used specialised, synchronous data link
control, integrated circuits because of the complexities of the transmission,
but these devices have been found to be well below specification and would
have required a lowering of overall data rates.

8. URANIUM FUEL CYCLE

8.1 Laser Development
The two ultraviolet preionised carbon dioxide TE lasers (TE1, TE2)
previously constructed (see AAEC/E472) were limited to a 1 Hz pulse rate by
laser gas heating effects; consequently, development was begun on a laser
with gas recirculation and internal heat exchangers (TE3). This C02 laser,
constructed inside two 30 cm diameter Pyrex tubes, can be operated at any
pressure up to atmospheric. The techniques used in the ultraviolet preionised
C0« lasers could not be used with TE3 since the 250 000 shot low-jitter
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lifetime of the spark gaps used in TE2 would amount to3 1/2 hours' operation
at the 20 Hz pulse rate of TE3.
The corona preionisation used in TE3 did not require two synchronised
spark gaps and this laser produced 20 W output at 20 Hz, and 24 W at 40 Hz.
Although the system proved quite reliable and uses less gas than TE1 or TE2
the present preionisation is not sufficiently homogeneous and improved
electrodes are being fitted which should result in better output beam
uniformity.

9. POWER AND ENERGY
[C.P. Gilbert]
There is no apparent slackening in interest in the Rasmussen Report (WASH
1400), and a continuous watch is kept upon the technical literature in this
area. An Information Paper has been prepared which attempts to present the
techniques and results of WASH 1400 in lay terms, and reviews the criticisms
of this report. It was concluded that WASH 1400 was a very significant
pioneering achievement; that the techniques were generally sound although
adequate data were not always available; that a number of detailed
shortcomings could be identified; and that while the results were generally
reasonable, the uncertainties were understated, and the presentation in the
Executive Summary was misleading.
It is encouraging that NUREG/CR-0400, the recently published report of a
Risk Assessment Review Group to the USNRC, comes to very similar conclusions.

10. SITE SERVICES

10.1

Reliability Analysis
[E.R. Corran, H.H. Witt]
The following services have been provided by Nucleonic Systems Group.

- Further reliability analysis of HIFAR containment isolation system.
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- Preliminary studies for failure mode and effect analysis of HIFAR
internal storage block, water-level indicator.
- Improvement
equipment.

of

electromagnetic

compatibility

of

Moata

nucleonic

- Preliminary studies on the reliability of HMAS Melbourne steam catapult.
- Participation
upgrading.

in a working

party

on HIFAR

engineered-safeguards

- Advice to the Australian Standards Association regarding International
Electrotechnical Commission standards.

- Talk to Engineering Services and Operations on reliability - design and
analysis.
- Two week training course to HIFAR shift managers.
10.2 Digital Applications
[P.J. Ellis, D.J. Reid, J.D. Milne, C.G. Laman, N.M. Hudson]
MicroNOVA Dataway interface
A microNOVA computer capable of handling four auto-answer modems has been
interfaced to the Research Establishment Dataway to enable easier access to
computer facilities from outside the Site, via telephone. The interface is
housed within the microNOVA main frame on a general purpose input-output
foundation module which can be wired for specialised tasks. The unit is
significantly different from the existing NOVA interfaces because the number
of custom integrated circuit positions available was only 30 which dictated
the use of MSI so that the required functions could be implemented.
Automatic titration
The first of two automatic titrators is currently undergoing field trials
to determine whether any additional features or modes of operation are
required. Their basic function is that of a time switch. The operator enters
commands to determine the length of time for addition of titrant, the delay
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between additions* the time between printing of the pH and the total number of
measurements required. Other commands allow the output format to be changed,
and control the starting and stopping of the titration. An initial starting
delay can be specified. This enables the titration to start some number of
hours after the operator has left, so that the results will be ready the next
morning. The units employ the 805 microprocessor system developed last year
as the basic controller which Interfaces to the various peripherals via the
general purpose input-output ports.
10.3

Project Instrumentation
[R.M. Hicks, D.H. Rice, R.J. Sanders]

System design and procurement of equipment for the automatic control of
flow and temperature In the Hippocrene rig and Freon loop have been completed.
Installation has commenced and it is anticipated that commissioning should be
finalised early In 1980.
The specification and procurement of a data
acquisition system for the rig and loop are proceeding. Tenders are currently
being assessed and it is anticipated that an order will be placed in December
1979.
Design of a portable stack sampling-volumeter/integrator system has been
completed and commissioning will commence early In 1980.
The instrumentation and control system for the in-reactor creep rig X-192
has been completed and Is being tested and documented.
10.4

Instrument Maintenance Group
[M. Dllli, G. Carter]

A total of 1114 instruments were serviced (686) or inspected and accepted
on-Site (428). Additional effort has been required in the design and assembly
of solid state equipment for the updating of the Site Emergency public address
system. This mode of implementation was chosen because of shortage of capital
funds. Some delays beyond the control of I and C Division have been
experienced. However, steady progress is being made.
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11. INSTRUMENT DEVELOPMENT - SERVICES AND DEVELOPMENT (DIVISIONAL)

11.1 Centrifuge Enrichment Power Supplies
[H.J. Fraser, G.C. Watt, V. Church]
Four three-phase 3 kW type 460 Inverters were wired on outside contract.
The three-phase 3 kW Forced Commutated Inverter type 589 has now been
thoroughly tested by Centrifuge Enrichment Project Division (CEPD) and has
performed well. Future applications of this design would require further
technical labour to produce a final model from this initial 'breadboard';
however, If there Is a future need for three-phase supplies at this power
level it is recommended that a transistorised design be developed and the
circuit techniques learned on the 589 be carried over to high power designs.
High power inverters suitable for a centrifuge enrichment pilot plant
were the subject of limited study. Recommendations have been made to CEPD
that alternative design approaches be used which would, if successful, result
in simplification of design, higher reliability, and lower cost than the other
commercial equipment so far sighted. If these recommendations are followed
the first step would be to develop a low-power series resonant 1oad-commutated
inverter to check the fundamental ideas before scaling up to high powers.
11.2 Explosion Proof Type 519 Ratemeter
Since submitting an EHT supply to the New South Wales Department of Mines
for safety approval, we have been advised that the design is generally in
accordance with the required Australian standards. Some minor modifications
were requested and these will be carried out when required. It appears,
therefore, that a modified 519 can be approved for use in mines. There has
been no evidence that further effort on this project is justified, as there
appears to be an insignificant market for the instrument. However, this might
depend upon future action by Radioisotopes Applications Research Section.
11.3 Radiation Monitoring Circuit Design
Consideration was given to the design of Y-p survey meter type 543. The
543 is an updated version of the 443, of which 40 were made for Safety Section
(now Department) in 1973. The earlier instruments were unfortunately housed
in breakable plastic meter cases; it is Safety Department policy to replace
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them with the 543 If sufficient funds are available for the purchase of nonbreakable injection die-moulded cases.
Two new circuits (types 627 and 628) were designed to replace those in
the type 450 area gamma monitor; this instrument is now nine years old and in
some respects obsolete. Type 627 is a CMOS version of the 450 with two
switched linear scales; type 628 is a 3-decade log scale CMOS circuit to
replace the 450 and this is the design favoured by Safety Department. It is
emphasised that only the circuit designs are complete. Prototype instruments
will be developed when a demand is established. Further production of the
type 450 should be discouraged in favour of the type 628 which is cheaper and
uses more modern components.
11.4 Other Projects Completed
Type 608
A control unit was designed and built for Isotope Division's 1-3 MeV
Accelerator to provide variably delayed trigger signals to external devices
(cathode ray oscilloscope, data acquisition devices, accelerator gun) and to
trigger an analogue sample/hold device designed as part of the control unit.
This device allows a DVM indication of the '100 per cent' light transmission
photocurrent to be retained indefinitely after an irradiation. At the same
time, by servo action, the steady-state output of the photomultiplier
preamplifier is forced to zero until an instant momentarily before the same
irradiation. This facilitates observation and recording of the subsequent
photo-current output due to the decay of the transient species. This unit has
been well received by the accelerator operators.
Type 612 electrometers
Three electrometers with full scale sensitivities of 10 pA to 10 yA were
designed to specifications submitted by the Isotope Production Equipment
Group. Commercial units were not suitable owing to cost and reliability
problems. These electrometers feature negligible range-changing transients,
better than ± 2 per cent in accuracy and drift, and a totally sealed front end
for protection from dirt and moisture. These units are also the first to be
designed using inexpensive electrometer microcircuits, which consume less
power than previously used parametric modules.
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Type 586 nuclear ship monitoring equipment
One complete set of equipment for monitoring nuclear power ships berthed
in Australian ports has been completed. This equipment consists of four
sealed head units incorporating Geiger-Muller tubes for ruggedness; power
supply units with integral readout meters for powering the head units for
internal batteries or a.c. power mains; and 3-channel chart recorders for
indications of the count rates in the 3 low-level channels and to provide a
permanent record of the count rates at known times.
Reliability was emphasised in this design, and features exemplifying this
approach are as follows:
(a) Dual Geiger tubes in each head unit with independent pulse
amplifiers in case of tube failure.
(b) HT generation at the head unit itself obviating the need to
reticulate high voltage at light currents where moisture or leakage
of interconnecting cables may be troublesome.
(c) Extensive use of non-linear protective devices and filters to remove
interference from incoming cables.
(d) The use of logarithmic ratemeters to compress the indicated count
rate range without the need for range-changing switches.
(e) Very slow filters to reduce the probability of false alarm trips due
to electrical interference.
(f) Automatic changeover to battery supply in the event of mains
failure. The entire system will operate off ordinary D-size torch
cells for a period of approximately 15 hours under normal
conditions.
(g) A 2-out-of-3 logic system as the basis of an audible alarm device.
This ensures that single counting channels randomly exceeding the
alarm threshold do not cause nuisance alarm trips.
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Instruments supplied
Type 622 - Six calculator interface units and six modified 519 ratemeters were
made for environmental radon measurements.
Type 613 - Data logger interface completed for environmental measurements in
field hydrology.
Type 524 - Fourteen Pi rani vacuum gauge units.
Type 505 - Four-channel hollow cathode lamp pulsed supplies for absorption
spectrometry.
Type 611 - Portable battery-operated potentiostat for field use.
Type 604 - SCR Furnace Controller.
Type 493 - Four preamplifiers.
Type 615 - Five can sensors for isotopes production. These sensors detect the
presence of isotope containers within stainless steel tubes as
required by production handling procedures.
Type 606 - Battery cycler made to determine the state of charge of Ni-Cd
batteries for portable equipment.
Type 500 - Eight type-500 ratemeters for Isotope Division. Type 500 is a
portable field digital ratemeter with the stability and performance
of many laboratory designs.
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1. INTRODUCTION

During the year ending 30 September 1979, the research and development
activities of Isotope Division have continued to focus on Radioisotope
Applications, Radioisotope Production and Irradiation Technology.
This
research and development is the basis for a strong advisory and consulting
service which provides information for medical, industrial and scientific
problem solving. Also during the year, a critical evaluation of the cost
benefit of radioisotope production operations has been undertaken to provide
more effective management and monitoring of manufacturing processes. Perhaps
the most significant feature has been the successful intensification of
cooperative research and development in technical and financial partnership
with Australian industry, scientific organisations and the International
Atomic Energy Agency (IAEA). Funding is being provided by the National Energy
Research, Development ani Demonstration Council (NERDDC), the Australian
Development Assistance Bureau and the Australian Mineral Industries Research
Association.
Z. RADIOISOTOPE PRODUCTION AND DISTRIBUTION SERVICES
2.1 General

The year has seen the continuation of the transition started in 1978
whereby the activities of the Commercial Products Unit (CPU) have been
financially separated from the remainder of the Research Establishment. The
accounting practices of the CPU are now in accordance with those applying to
other commercial organisations.
The year has also seen an increase in the quality of competitive products
and although our sales have decreased in some areas, income continues to rise
and has increased its dollar value by 20 per cent. After allowance is made
for depreciation of the dollar this represents a real increase, but it is less
as a percentage than in previous years owing to the increased pressure of
competition in the marketplace.
The extended shutdown of HIFAR in September 1979 has led to difficulties
in the continued supply of radioisotopes. These difficulties are exacerbated
by the high cost of importing radioisotopes in bulk, the unreliability of
supply and the inability to obtain many of the short-lived products from any
other source.

2.2 Radiopharmaceutical Production
[H.H. Brian, N.R. Wood, R.S. Davis]
During the year sodium pertechnstate was supplied in various
concentrations and from two different sources. The incompatibility of solvent
extracted technetium-99m with phosphate based bone scanning agents has not
been resolved; therefore, technetium-99m eluted from a chromatography
generator is also supplied for use with these agents. Improved technology has
led to a chromatographic generator with activity in excess of 1 TBq. The
solvent extracted technetiuin-99m has been improved and purified so that it now
meets the BP specification at midnight on the day after it is produced. The
demand for TC9M3 technetium ( Tc) sulphur colloid has increased steadily and
it is obvious that this material has uses other than liver scanning.
The demand for TC9M4 MAFH is falling rapidly as imported kits are
replacing it in hospitals; this product will probably cease to be
i.ianufactured within the next six months.
Sales of sodium chromate ( Cr) and ferric citrate, which have fallen off
over the last tv/elve months, now appear to have stabilised. Chromium (5*Cr)
EDTA sales are slowly increasing, and gallium (67Ga) citrate sales have
doubled. There has been increased demand for phosphorus (32P) in its various
forms.
The demand for the two lyophilised reagents is steadily falling as
competitive materials are entering the Australian market. Molybdenum99/technetium-99m generator orders have increased in number and activity. The
Hk.III version should increase the demand for this product; it will provide a
sterile eluate and be presented in an attractive package with an easy-tooperate dispensing mechanism.
2.3 Gamma Irradiation Pond
[R.R. Glover, H.J. Gray]
The major functions of this facility are the gamma sterilisation of
lyophilised products, product components, and animal food for the Research
Establishment animal house and the CSIRO's McMaster Laboratory. The use of
the facility by external organisations has increased and, this year, included
the gamma pasteurisation of 47 tonnes of precooked, peeled, frozen prawns
imported from an Asian country.

2.4

Implant Sources

[E.L.R. Hetherington, N.R. Wood, R.R. Glover]
In the first year of production since ti.u Australian Radiation Laboratory
(ARL) ceased the supply of radon for use as implant sources, the sales of
gold-198 have risen steadily, to a rate of approximately $20 000 per year.
Manufacturing techniques for this product have been improved in response to
the market demand.
2.5 Quality Control of Radiopharmaceutical Products
[R.E. Boyd, K.J. Farrington]
Considerable time has been spent upgrading testing procedures and
specifications. This requirement has been stimulated by increasingly
stringent standards as a result of process or product defects being uncovered,
and the introduction of new products. Much more work in this area remains to
be performed but, because of the limited availability of effort, the rate of
progress is slow.
The Quality Control Group also played an important role in product
research in such areas as chemical characterisation of new labelled compounds,
the determination of biological properties and the measurement of long-term
stability in various environmental situations. The demand for these services
often outstrips the available effort, with the result that new drug
applications are considerably delayed.
2.6 Development of New Radiopharmaceutical Products
Electrolytic purification of sodium pertechnetata (technetium-99m)
[P.J. Sorby]
Sodium pertechnetate solutions derived from the MEK-extraction process
contain appreciable quantities of organic residues which have a marked
deleterious effect on the solutions to the extent that biological properties
are significantly altered. Electrolytic deposition of technetiurn-99m onto a
platinum cathode has been used to overcome this problem.
A clinical trial evaluation of the purified technetium-99m was,
initially, less successful than anticipated. However, it was discovered that
the 'de-organified' solutions were being re-contaminated during the
autoclaving process when the hot aqueous solution attacked the rubber stoppers

used to seal the vials.
The clinical trial, in which unpurified MEK-technetium-99m solutions are
compared against electrolytically purified technetium-99m sealed in glass
ampoules and vials with a variety of stoppers of different composition, has
been continued. Although the trial is not completed, there are indications of
improved quality of the tech net ium-99m and also that the rubber stopper used
for many years by the AAEC is not the best type.
Removal of tellurium-132 from fission produced molybdenum-99
[R.E. Boyd, P.O. Sorby]

The search for a simple means of eliminating traces of tellurium-132 from
fission product molybdenum-99 solutions included electrolysis using a carbon
fibre cathode. This process was >99 per cent effective in non-radioactive
model solutions but only partly effective for the product issuing from the
molybdenum-99 fission product extraction plant.
Experiment confirmed the presence of three tellurium-132 moieties tellurite, telluro-aluminium oxide colloid and tellurate - of which only one
(tellurite) could be removed by electrolytic reduction.
Efficient tellurium-132 removal was achieved, however, by a process
involving S02 reduction in the presence of HC1 followed by filtration.
The fission product extraction plant is being modified to include this
additional processing step.
Maintenance of high elution efficiencies in technetium-99m generators
[R.E. Boyd, E.L.R. Hetherington]
Technetium-99m generators invariably perform at elution efficiencies
which are significantly less than 100 per cent. Experience with the molybdate
( Mo)-pertechnetate ( mTc) system using an alumina absorbant and sodium
chloride eluant suggests the occurrence of radiation-induced reduction which
gives a non-elutable technetium species and a consequent loss of elution
efficiency; the hydrated electron, e , has been suggested as the species
responsible for the reduction. It is important, both to the producer and
end-user, that the radiation-induced chemical effects be minimised or
reversed. This can be accomplished in a number of ways with varying degrees
of success.

While studying the optimisation of generator design, it was found that
there was a need for a procedure which could objectively compare the efficacy
of the various options. To satisfy this need, a relatively simple method of
assessing the performance of a technetium-99m generator from the efficiency
results of serial elutions was developed.
This work, which assesses generator operation according to two
performance indices, has subsequently been accepted for publication.
Application of the procedure has shown that elution of the generator with
saline from a glass bottle (Figure l(a)) is preferred to elution with saline
from a vinyl sachet (Figure l(b)).
Approval for clinical use of radiopharmaceuticals
[J. Brough, R.E. Boyd]
Submissions to the Therapeutic Substances Branch of the Australian
Department of Health were prepared or extended for the following products:
Thallous chloride - 201T1
Indium-DTPA Complex - 1UIn
Macroaggregated albumin - Sn(II)
A clinical trial was performed on Phytec (a reagent containing sodium
phytate-Sn(II)); the results were not encouraging because, unlike the results
of trials in animals, the uptake in the human spleen was very low. As a
result a new formulation containing added calcium is being developed.
Although radio-caesium concentrates preferentially in neoplastic thyroid
tissue, a clinical trial utilising caesium chloride-caesium-134m as the
imaging agent was unsuccessful. It is thought that the low specific activity
of caesium-134m was responsible for the inability of the agent to discriminate
between malignant and benign thyroid conditions.
A submission for a reformulated ytterbium-169:DTPA agent for plotting the
flow of cerebro-spinal fluid was prepared. This submission was not filed with
the Department of Health because it was decided to replace the agent with
indium-111 imported from the USA.
The submission for the methylene diphosphonic acid-Sn(II) reagent for
bone scanning was delayed because of stability problems. Work is under way to
resolve these problems.

Activity measurement intercomparison
[E.L.R. Hetherington]
An intercomparison of activity measurements involving hospitals supplied
with AAEC-produced radioisotopes was commenced. The program is aimed at
eliminating problems related to activity measurement arising between the AAEC
and the users and generally to improve the quality of activity measurements in
nuclear medicine. Initially, twelve hospitals in the Sydney metropolitan area
participated in the program.
Calibrated solutions of the nuclides
technetium-99m, iodine-131, gallium-67, chromium-51 and iron-59 were supplied
to most of the hospitals. The activities of these solutions measured in the
hospitals generally agreed closely with the stated calibrated activity. The
program has been extended to hospitals outside the metropolitan area; the
Australian Radiation Laboratory has also agreed to participate.
As part of the same program the measurement of cerium-141 has been
investigated. This nuclide has similar photon emission to technetiurn-99m and
its supply as a long-lived source for instrument calibration is being
considered.
Benzimidazalyl-methyliminodiacetic acid (BIMIDA) series of ligands for technetium-99m
[F.C. Hunt, J.G. Wilson, D. Maddalena]
n-butyl- and iso propyl-BIMIDA were synthesised as ligands for
technetium-99m. These compounds virtually complete the series of BIMIDA
ligands made in the search for improved hepato-biliary radiopharmaceuticals.
Bromo-BIMIDA has so far proved to be the most promising member of the series.
4-aminophenethyl imi nodi acetic acid has also been synthesised for use as
a reagent for introducing a radioisotope label into proteins.
2.7 Production Equipment Development
[J. Robson, E. Lee, P.O. Anderson]
(n.7) molybdenum-99
Junior cave No.2 (Building 23) has been commissioned and provides a
facility in which molybdenum trioxide irradiated in the reactor HIFAR can be
handled and converted to molybdenum-99 solution from which technetiurn-99m is
extracted.

The shielded pipeline which will enable easy and safe transfer of the
molybdenum-99 solution from the junior cave to the radiochemical cell
(Building 23A) has been completed and tested.
Fission product molybdenum-99
(i) Improvements to irradiation cans
Analysis has shown that some of the more volatile fission products in the
irradiated pellets of uranium dioxide used for molybdenum-99 production,
including molybdenum-99, are transferred to the walls of the titanium can
during irradiation. A new aluminium can has been designed specifically to
provide better cooling of the uranium dioxide pellets during irradiation.
A few test irradiations have been carried out and, in all cases, the
quantity of molybdenum-99 recovered in the subsequent processing was more than
in the corresponding irradiations with the former type of can. It is intended
to introduce this type of irradiation can for routine use.
(ii) Replacement of the molybdenum-99 extraction plant
The original plant in hot cell 1 (Building 54), which had performed
satisfactorily since 1969, required maintenance and improvements. New
equipment to dissolve irradiated uranium dioxide pellets and absorb iodine-131
was manufactured and tested ready for installation.
Technetium-99m chromatocjraphic generator
The Mk III technetium-99m generator design has been improved to simplify
manufacture, and the delivery of production quantities of components is now
awaited. Assembly and fitting out of the cells for generator manufacture is
virtually complete and the facility is being tested. It has already been used
to prepare experimental generators for evaluation.
3. NUCLEAR TECHNIQUES OF ANALYSIS
3.1 Coal Analysis
[C.E. Campbell, R.A. Fookes, V.L. Gravitis, 6.W. Gray, B.D.
J.S. Watt]

Sowerby,

Research has continued on the development of nuclear techniques for the
on-line analysis of coal. The development of suitable techniques could result

in savings to Australia of several million dollars per year. Two techniques
are being developed, namely high energy X-ray techniques for the determination
of ash content and neutron techniques for the determination of carbon,
specific energy and moisture. Both methods are the subject of international
patent applications.
Recently, many Australian coal producers have been contacted regarding
potential applications of AAEC techniques and plant visits have been made to
follow up some promising applications. The main aim of these visits has been
to assist in planning the next phases of AAEC work. Favourable potential
applications could involve laboratory feasibility studies followed by field
trials.
The National Energy Research, Development and Demonstration Council
(NERDDC) have offered the Commission a grant for the further development and
testing of nuclear techniques for the analysis of coal. The grant is for
$118 339 over a three-year period, subject to annual review of satisfactory
progress. The grant covers the salaries of two technical officers plus
overheads, and some equipment.
X-ray techniques
AAEC research has led to the development of a method to determine ash
content of coal. It depends on determinations, at two X-ray energies, of
absorption per unit weight of coal, and has been proved at X-ray energies up
to 35 keV. The method is being extended to higher X-ray energies so that the
analysis can be averaged over large volumes of coal. It has not yet been
proved at these higher energies because of the relatively small coal samples
used in the experiments. An experimental rig has been manufactured which will
enable the analysis to be averaged over 50 kg of coal.
Promising applications include quality control of coal washing operations
and of coal mining operations. To test the feasibility of some of these
applications, approximately 100 samples (200 L each) have been obtained from
Australian Iron and Steel Pty Ltd, Utah Development Company (samples from the
Blackwater Mine in Queensland), Electricity Commission of NSW, and the
Coalcliff and West Cliff collieries in New South Wales.
Neutron techniques
AAEC research has led to the development of a method for simultaneously
determining the specific energy, ash and moisture contents of coal. This
method is based on the measurement of neutron inelastic scatter gamma-rays
from carbon and neutron capture gamma-rays from hydrogen, combined with a
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separate gamma-ray scattering measurement. The gamma-ray scattering
measurement acts as a correction to the neutron measurements for variables
such as bulk density and bulk density gradients. By 'matching' the response
of the two gauges, the accuracy obtained for carbon is higher than has been
previously reported for bulk coal samples.
Two promising applications of the technique are being investigated in our
laboratory. The first of these is the determination of carbon in coal
slurries. Broken Hill Proprietary's Central Research Laboratories are
developing a new method for the transportation and beneficiation of coking
coals by slurry pipeline. This method has been demonstrated in a pilot plant
at Newcastle. Control of the system requires that oil be added in proportion
to the amount of coal matter in the slurry. The amount of coal matter can be
measured by determining the carbon content of the slurry. Laboratory tests at
Lucas Heights have shown that neutron techniques can be used to measure the
carbon content to better than 1 per cent relative in this application.
The second application is the on-line determination of specific energy in
power stations. The main requirement is the on-line determination of specific
energy of coal within a few minutes of the coal being fed to the boilers. The
most favourable measuring point is at the gravimetric feeders which feed the
grinding mills. The main potential advantage of this application is improved
and safer boiler control.
3.2 Gamma-ray Resonance Scattering Analysis
[W.K. Ellis, G.W. Gray, B.D. Sowerby]
The AAEC bulk analyser which was installed at Mount Isa Mines Ltd in July
1976 continues to be used by that company for the rapid routine assay of drill
cores and geological chip samples. The successful long-term field trial of
this prototype analyser has demonstrated to Mount Isa Mines and other
companies in the mineral industry that the technique and equipment are suited
to industrial use and that there are considerable cost and other benefits
arising from the use of a bulk analyser. The bulk analyser at Mount Isa was
recently modified by AAEC staff to incorporate a three-source furnace. This
development will allow the analyser to be used for applications involving the
determination of low copper grades.
The Australian Mineral Development Laboratories (Amdel) are responsible
for manufacturing and marketing bulk mineral analysers under licence to the
Commission. The first commercial bulk analyser is due to be installed early
in 1980. In this and later installations, in Australia and overseas, the AAEC
will be the supplier of the special heated vapour sources required in the bulk
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analyser. Development of the encapsulation for a commercial source has
continued in collaboration with Engineering Services Department and Materials
Division.
3.3 Elemental Analysis by Neutron Inelastic Scatter Gamma Rays
CD.D. Sowerby]
The measurement of prompt gamma-rays from neutron inelastic scattering is
a promising technique for the bulk analysis of samples in the mineral
industry. Applications will probably involve the use of radioisotope neutron
sources and scintillation detectors. With scintillation detectors, it is
important to be able to predict the effect of interelement interferences.
The photopeak intensities of 81 gamma-rays from 21 elements have been
measured using a Ge(Li) detector and a plutonium-238/beryllium source. These
intensities have been used to calculate the photopeak intensities in the more
industrially suitable Nal(Tl) detectors. The calculated photopeak intensities
have been checked by measurement on prominent gamma-rays from some elements.
Examples are given
predictions of gamma-ray
industrial applications.
elements of concentration
10-100 kg.

of the applications of the present data to the
yields, and inter-element interferences in potential
The technique is best suited to the analysis of
> 1 wt % and preferably > 5 wt % in samples of about

Preliminary laboratory investigations have been carried out on the
application of the technique to the analysis of Pb/Zn ores and the analysis of
sulphur in lead smelter products. A collaborative research and development
agreement is presently being negotiated with Mount Isa Mines on this work.
3.4 In Situ Moisture Determination in Road Pavement by Nuclear Methods
[G.W. Gray, B.D. Sowerby]
The application of neutron moisture in compacted roadway layers has been
studied in the laboratory using samples supplied by the New South Hales
Department of Main Roads (DMR). The aim of this work was to measure the
average moisture content of the upper 15-20 cm thick layer wi£h minimum
interference from moisture in underlying layers.
Sub-surface probes using both high energy (a-Be) and low energy (o-Li)
neutron sources were examined for this application. It was found that the use
of conventional a-Be sources in specially designed compact probes should
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result In a sensitivity to base moisture of less than 5 per cent relative for
typical DMR applications. As this error is probably less than those due to
sampling and geometry variations in the field, it appears that adequate
accuracy should be obtained for the DMR application using this type of probe.
However, if less sensitivity to base moisture is required, the use of an
a-Li source in place of the o-Be source will reduce the sensitivity to base
moisture by a factor of about 1.6. However, this source would add about $1000
to the cost of a neutron moisture probe. Collaborative field tests of these
probes are being planned.
4. INDUSTRIAL APPLICATIONS

4.1 Intensification of Underexposed Negatives
[M. Thackray - on attachment to the Stanford Research Institute,
California]
Autoradiographic processing of an original negative begins by reacting
radioactive nuclides with the image silver. The toning treatment produces a
radioactive image in which the radioactive flux emanating from a region of the
negative is proportional to the silver density in the original negative, even
at extremely low optical densities:
silver + radioactive nuclide —*- radioactive image
(image) (toning solution)
(intensity proportional to
silver image density)

(1)

The radioactive film is then placed in contact with unexposed film for a
predetermined length of time as shown in Figure 2. The interaction of the
beta particles with silver halide in the fresh film emulsion induces a latent
image, which is then developed to provide the enhanced image. Each radiotoned
silver grain in the original negative induces a diffuse spot on the
autoradiograph. The radius of the exposed area is a function of the range of
the decay particle. The resolution of the enhanced image is optimised by the
use of low-energy e-particle-emittin', nuclides, thin photographic emulsions,
intimate contact between radiotoned film and autoradiographic film, and high
resolution autoradiographic films.
The degree of intensification is
controlled by balancing the radiation level-of the film, the speed of the film
chosen for the intensified image, and the duration of the autoradiographic
contact.
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A new method analogous to autoradiographic image enhancement is under
development. This method uses light emission instead of nuclear radiation
emission from the photographic image. Its advantage is that images can be
intensified without the inconvenience and limitations that result from the
radionuclide technique.
silver + fluorescent dye —»- fluorescent image
(image) (tonj.ig solutfx^n)
(emitted light flux
proportional to silver
image density)

(2)

Figure 3 illustrates schematically one of the methods in which light emitted
from a fluorescent original can be collected and focused onto a recording and
integrating medium. The fluorescing image can be photographed, with the
exposure controlling the degree of intensification achieved in the resulting
image. By varying exposure duration, a series of enhanced images
corresponding to different degrees of intensification can be obtained.
The resolution capability of the autoradiographic intensification
technique is limited by the resolution of the original negative, the
resolution of the autoradiographic film, the evenness of autoradiographic film
contact during exposure, and the range of the radioactive emissions. Since
the random direction emissions cannot be conveniently focused, the highest
resolution intensification is obtained by contact autoradiography.
On the other hand, the resolution transfer capability of the fluorescent
intensification technique is limited primarily by the resolution of the
original negative and the resolution of the photographic re-imaging system.
This property is a result of the capacity to focus on the fluorescing image,
thereby permitting it to be faithfully transferred onto a photographic film.
During 1979, research on image enhancement using fluorescence and
chemiluminescence techniques has led to the development of a novel process
whereby brightly fluorescent photographic images can be prepared and
surprisingly, no difficulty is experienced in retaining resolution greater
than 200 line pairs per millimetre. Patent applications have been lodged in
the USA, Australia, Canada, Europe and Japan.
4.2 Noble Gas Releases from Molybdenum-99/Technetium-99m Production
[K.G. McLaren]
Radioactive xenon and krypton isotopes are liberated during chemical
processing of irradiated uranium oxide. These gases pass through the present
filter system and are vented from the stack. Because of the desire to
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increase productivity it is necessary to find a method for trapping the noble
gases.
A system has been devised in which the processing routine will be
modified so that the noble gases can be absorbed from a low volume gas flow
system passing through charcoal absorber columns. This will reduce the
radioactive gas releases to a small fraction of present levels, enabling
technetium-99m production to be increased as desired.
Engineering Services Department has completed the detailed design work
for the trapping system, and on-site manufacture has commenced.
5. NUCLEAR TECHNIQUES IN HYDROLOGY

[P.L. Airey, C.E. Calf, B.L. Campbell, D. Roman, P.E. Hartley, L.W.
Smith, R.C. Stokes, P. Shirvington, (Environment and Public Health Unit)]
The Nuclear Hydrology Group is seeking an understanding of certain
aspects of the water cycle by studying and interpreting variations in the
level of naturally occurring isotopes in surface water, groundwater and
rainfall. Routine measurements are being made of the specific activities of
tritium and carbon-14 and of the ratios D/H, 180/160, 13C/12C and234U/238U.
The fall-out product caesium-137 is being used to study the cumulative effect
of sediment redistribution in eroding catchments since the mid-1950s. Efforts
are continuing on the development of satisfactory techniques for the
measurement of natural levels of chlorine-36 which has potential value for
dating very old groundwater and studying aspects of the evolution of chloride
geochemistry.
Uranium daughter product disequilibria are being applied to a number of
classes of problems including:
(i) estimates of the rate of migration of uranium and thorium isotopes
through natural materials over the 10 year time scale;
(ii) aspects of the cumulative effect of the migration of groundwater
through fissures in granites; and
(iii) the dating of shell materials and, by implication, of associated
sediments.
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Rainfall and surface water Infiltration
The monitoring of the tritium levels in monthly rainfall samples from
eleven coastal and five inland stations was continued. This information is
essential for dating groundwater and for studying the mechanism of
infiltration of surface water to the saturated zone. A systematic
investigation has been completed of the variation of the environmental
isotopic composition of the percolate from the lysimeter in the CSIRO's
experimental catchment at Krawarree, Upper Shoal haven Valley. In general, the
percolate was found to be substantially enriched in tritium but depleted in
deuterium relative to incident rainfall. These results are very different
from analogous studies undertaken in Austria. The differences arise
ultimately from the fact that, in much of Australia, the potential evaporation
rates exceed the mean annual rainfall.
Groundwater studies
The study of the isotopic composition of the groundwater of the Great
Artesian Basin has been concluded with a field trip to a potential intake area
in the north western extremities of the basin. In these remote areas, the
densities of the observation bores are generally too low to determine
accurately the potentiometric surface and therefore the recharge areas. Both
carbon isotope and D/H surveys are being used to assess independently the
significance of the intake area to the groundwater balance in the Jurassic
aquifer.
The Nuclear Hydrology Group is to take part in a major study of the
hydrology of the Murray Basin coordinated by the Bureau of Mineral Resources.
The Group is also playing an important role in the formulation and guidance of
groundwater isotopic studies of the Bangkok Basin (Thailand), the Jakarta
Basin (Indonesia), the Kelantan Basin (Malaysia) and the Seoul region
(Republic of Korea). This program is being implemented under the auspices of
the IAEA Regional Cooperative Agreement, and includes the establishment of
environmental tritium and carbon-14 measurement facilities in Thailand,
Indonesia and the Republic of Korea.
Surface water studies
Most surface water studies are done under contract and will be discussed
elsewhere. Last year an investigation was undertaken for Pancontinental
Mining Ltd of the kinetics of flow and of zinc transport in the 7J
Creek/Magela Creek intersection region near Jabiluka, Northern Territory. As
in previous years the experimental technique involved the systematic
monitoring of the isotope zinc-65 on the vegetation and sediments, and of the

levels of tritium and the zinc-65/tritium ratios in water samples. By
comparing the uptake on vegetation of zinc-69 with that of zinc-65 'complexed'
with humic or tannic acids, the possible effect of chemistry on the transport
of zinc across the flood plain could be assessed.
In a collaborative study with the University of New England, the
systematic monitoring of D/H ratios is being used to investigate the
hydraulics of a catchment in the Dumaresq Valley. The method depends on the
fact that spatial and temporal variations of D/H in rain falling on a
catchment during a storm event are sufficiently large to allow, in principle,
separation of the various components of catchment flow to the stream
hydrograph.
Studies of the oceanic tritium distributions are being made in
collaboration with Physics Division.
Sediment studies
Extensive use is being made of the fall-out product caesium-137 to study
the cumulative effects of sediment redistribution in post-nuclear times. The
application of the technique to the measurement of the rate of accumulation of
sediment in the Steven's Creek reservoir, which was reported in the previous
issue of this series, has been completed. During the past year, an extensive
study has been made of the sediment dynamics in the Maluna Creek Catchment at
Pokolbin, NSW. Qualitatively different caesium-137 profiles were observed in
an alluvial fan site and on a flood plain site. This work is being undertaken
in collaboration with the University of Newcastle and the New South Wales
Conservation Research Centre, Scone. Analogous studies in the Armidale region
are beiny pursued with the University of New England.
Novel applications of thermoluminescence as a tracer characteristic for
beach sand and fluvial sediment transport studies were initiated. Some
aspects of the preparation of tracers with intensified thermoluminescence were
investigated with a view to possible patentability.
Uranium daughter product disequilibria studies
During the past year, improved techniques for the measurement of ultra
low levels of 230Th based on a spectrometry were developed. The 230Th/234U
and 226Ra/230Th ratios have been used to supplement the 234U/238U measurements
in order to obtain a more complete model of the transport of the long lived
uranium daughter products through the clay sediments surrounding the Nabarlek
uranium deposit.
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Attempts are being made to measure differences in the uranium daughter
product distribution between bulk granite and the surface deposits which
develop on cracks and fissures through which groundwater has been percolating
for long periods of time. Samples have been supplied by the Swedish Nuclear
Fuel Supply Co. through the OECD-NEA from the experimental site at Stripa in
Central Sweden. The data will be used with conventional hydraulic data to
rationalise available groundwater isotopic measurements.
In a joint investigation with the Water Resources Commission of New South
Wales, uranium disequilibria techniques are being used to date well
characterised shell samples from the Richmond River area of northern New South
Wales which are known to be beyond the timescale available to conventional
carbon techniques. Ultimately it is hoped to apply these techniques to the
study of the rate of build up of sediments over the 105 year time scale.
6. BIOLOGICAL AND CHEMICAL APPLICATIONS OF RADIATION
6.1 Radiation Sterilisation of Pharmaceuticals and Related Products
[P.A. Wills, W. Moyle, M. Saunders, M. Harrison]
Investigation of the radiation dose required in Australia for commercial
sterilisation of cotton balls has been extended to include products marketed
by three suppliers. Part of this work has been carried out in collaboration
with Johnson and Johnson Pty Ltd, Botany. Eleven batches of cotton balls have
now been examined for pre-sterilisation microbial levels and, using a substerilising dose technique, to isolate the most resistant organisms. The
proportion of bacterial contaminants resistant to radiation has been
determined, and the 'safe' sterilising dose calculated.
Samples obtained from one manufacturer over twelve months showed that a
relatively high proportion (approximately 3 per cent) of the normal bacterial
flora from cotton balls were resistant to radiation. This compares with
frequencies of 0.01 to 1 per cent resistant bacteria found on medical products
manufactured in the northern hemisphere.
Unexpectedly, only about half of the resistant cotton balls isolates were
spore-forming organisms, the majority of the remainder being Gram positive
rods. The three most resistant organisms isolated were a Gram positive rod, a
coccobacillus, and a spore with DJQ values (in mist, desiccans in vacuo) of
4.00, 4.75 and 5.96 kGy respectively, the last value being about twice as high
as that for resistant Bacillus pumi1 us spores. It was calculated that the
radiation dose required to ensure that not more than one organism will survive
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in 106 packets of cotton balls depends solely on the frequency of these very
resistant bacteria.
Total pre-sterilisation microbial counts and
identification of pre-sterilisation bacteria, as practised elsewhere, is
unnecessary for a dose validation program. No consistent trend was noted in
the percentage of different groups of bacteria present on the cotton balls
before or after irradiation.
As a 'spin off from this investigation, one of the companies involved
was able to rectify a potentially hazardous situation when informed of
excessively high radiation resistant bacterial levels in one particular batch
of cotton balls supplied to us for testing.
Unlike cotton balls, pre-sterilisation microbial loads of lyophilised
reagents prepared at the AAEC for complexing with technetium-99m are minimal.
The effectiveness of routine sterilisation of these reagents at 25 kGy was
determined using B.. pumilus spores as the test organism. With this dose, at
least 10 spores in Pentastan, 10 spores in Renal Reagent, and 10 spores in
Phytec were inactivated. Because the pre-sterilisation bacterial level of
these reagents is known to be much less than one organism per vial, routine
sterilisation at doses of 20 or 22 kGy would be more than adequate to effect
commercial sterility of Phytec and Renal Reagent respectively. Pentastan
would still require 25 kGy.
An IAEA/AAEC Research Agreement has been renewed for participation in an
IAEA coordinated program of research on radiation sterilisation practices
significant to medical supplies and conditions for Asia and the Pacific
region.
6.2 Food Irradiation
[P.A. Wills, P. Gwatkin (Vacation student)]
Over the past few years, there have been several outbreaks of food
poisoning in Australia caused by bacterial contamination of chickens during
processing. Conventional bactericidal control methods, such as chlorine
washes, are often inadequate to deal with this problem, and radiation
treatment of the final package product has been proposed as the most effective
solution.
Chicken is one of the foods included in the Draft General Standard for
Irradiated Foods presently under consideration by the Codex Alimentarius
Commission for international acceptance. This standard sets an upper dose
limit for irradiation and the dose required in commercial practice would
depend on several factors including the temperature and physical state of the
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irradiated material - for example, whether fresh or frozen chickens are being
irradiated.
Using Staphylococcus aureus. a common pathogenic contaminant of chicken,
as the test organism, some of the variables which would determine the
radiation dose required to control this organism have been investigated. The
end-point has been arbitrarily set as the dose required to inactivate 10
organisms. The table below shows a four-fold variation in dose for chicken
puree, depending on the conditions during irradiation. Lack of staff
precluded extension of this work to other organisms to determine whether this
degree of variation in resistance was a general phenomenon.
RADIATION INACTIVATION OF S. aureus
Medium

Unfrozen M/15 phosphate buffer
Frozen M/15 phosphate buffer
Unfrozen chicken puree
Unfrozen chicken puree
Frozen chicken puree
Frozen chicken puree

Temperature
during
irradiation
25
-20
25
0
-20
-20

Dose for 106
Atmosphere

inactivation
(kGy)

air
air
air
air
air
in vacuo

0.75
2.21
0.96
1.65
3.39
4.10

During the year, discussions were held with representatives from the
Commonwealth Department of Health and CSIRO's Division of Food Research on the
need to set up adequate machinery in Australia to deal with requests from
companies and individuals seeking approval to irradiate foods or to import
irradiated foods. The CSIRO has recommended that a committee be formed for
this purpose, but no action has resulted as yet. It is, however, perhaps
significant that, at the instigation of the Australian Department of Health,
Australia has finally decided to contribute to the International Food
Irradiation Project at Karlsruhe in West Germany. Miss Wills has been
appointed the National Liaison Officer for the project. Discussions on food
irradiation have also been held with the Commonwealth Department of Primary
Industry and a committee formed by them to formulate Australian policy on
matters raised by the Codex Alimentarius Commission's Food Additives
Committee.
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6.3 Radiation Resistant Microorganisms
[P. Wills, M. Izard]
Bacterial spores are very resistant to radiation and heat. The AAEC is
participating in a US/Australia collaborative project to investigate, by nondestructive techniques, the possible mechanisms responsible for spore
resistance; this resistance is lost when spores germinate. When spores are
germinated by hydrostatic pressure, thermodynamic analysis indicates that
large negative volume changes of activation occur. However, this change was
not detectable when measured in situ in a glass pressure vessel. A
dilatometer has been borrowed from Professor Bradbury of the Australian
National University, to re-examine the volume change in spores after
compression.
Haematocrit tubes are being used to measure volume changes in spores
germinated chemically (d-glucose and 1-alanine). Preliminary results indicate
that within seconds of the addition of the chemicals, the cell volume
decreases. The extent of the decrease correlates with an increase in the
number of spores which lose some of their refractility to become partly
refractile, i.e. these spores are in an intermediate stage of germination. As
germination proceeds, the volume of the spores increases and some of the
spores lose' all of their refractility and appear dark when viewed by phase
contrast microscopy, i.e. these spores have fully germinated.
Some effects of low doses of ionising radiation on the electrophoretic
properties of bacterial spores have been reported previously. This work has
been successfully presented by Mr Izard as an M.Sc. thesis to Macquarie
University.
6.4 Pulse Radiolysis Studies
[N.A. McAskill, D.F. Sangster]
Radiation polymerisation
Further work on the radiation chemistry of styrene in aqueous solution
has shown that a previously unrecognised absorption band is not caused by the
phenylethyl radical but probably by an optical transition of the OH
substituted benzyl radical formed by the reaction of the hydroxy radical. To
eliminate the possibility that the phenylethyl radical is present, it was
necessary to prepare this radical by various routes and its absorption
spectrum was measured for the first time.
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Because a-methyl styrene is a widely used monomer whose polymerisation
characteristics are considerably different to those of styrene, the aqueous
radiation chemistry of this monomer was examined. The resulting optical
absorption spectra of the transients formed by the reaction of hydrated
electrons, hydrogen atoms and hydroxyl radicals showed much better resolution
than spectra reported in the literature. Several new absorption peaks were
observed; these could be caused by hydrogen abstraction reactions of the OH
radical. The reactions of the 0*" and SQ^" radical ions with a-methyl styrene
were also examined.
The mechanism of aromatic chlorination by peroxydisulphate
and chloride mixtures
Previous work on the chemically catalysed polymerisation of styrene by
the sulphate radical ion, SOI", (formed by the pulse radiolysis of peroxydisulphate ion) had shown that a literature report of the mechanism of
polymerisation was incorrect. This work has been extended to show that the
reported mechanism for the chlorination of some aromatic compounds using
mixtures of peroxydisulphate and chloride ions is also incorrect. The
sulphate radical ion reacts with Cl~ to form the reactive CIA" radical ion
which then attacks the aromatic compound in competition with the SO:" radical
ion.
The relative importance of these reactions depends upon the
concentrations of aromatic compound and Cl~ and the relevant rate
coefficients.
6.5 Kinetics of Radiolytic Reactions
[D.F. Sangster]
The short-lived photon emissions from irradiated ice have been studied.
When ice at temperatures of -150 to -200°C was subjected to nanosecond
electron pulses from the Febetron, four overlapping emission bands were
observed. These bands, three of which have not been reported before, are
distinguished by their kinetic behaviour. Future experiments will involve
high resolution measurements in an attempt to identify fine structure and more
precise lifetime determinations. Hopefully, these will enable the species
concerned to be identified and characterised.
Electron beam irradiation of water vapour produces short-lived excited
species which emit light in the ultraviolet region. Some of these are so
short-lived that their decay kinetics cannot be evaluated without separating
the signal from the Cerenkov signal produced by driving the pulse itself. The
deconvolution methods used in this work represent a real advance on previous
methods such as the visual inspection of a plot of weighted residuals, by
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providing a more objective method of assessing the goodness of fit of the
model. The test is a statistical one and still holds when significant random
errors occur in the excitation function.
Authentic phenolic hydros derivatives of substituted phenyl boronic
acids have been prepared. The radiolytic products of aqueous solutions
subjected to gamma radiation have been separated by high pressure liquid
chromatography. Together with the kinetic rate data obtained by pulse
radiolysis, rate constants can now be derived for hydroxyl radical attack at
specific locations on the aromatic ring.
Pulse radiolysis provides an excellent means of making and studying
oxidation and reduction of chemical compounds where a single electron per
molecule is involved. Some of these compounds have a transitory existence and
not only can they be identified in many cases by their optical absorption
spectra but also their subsequent reactions can be followed and the kinetic
parameters evaluated.
The difficulties in interpreting the results of the irradiation of
solutions of azidopentammine cobalt(III) ions have been resolved and a paper
is being prepared for publication. A study of the irradiation of solutions of
Pt diamsar compounds is almost complete. Pt(III) is produced with a lifetime
substantially longer than expected. The encapsulation inhibits ligand
exchange. Similarly Rh(II) compounds have been prepared and investigated.
A series of semiquinones having a range of redox potentials have been
prepared and preliminary results obtained regarding their reaction with
compounds of biological importance.
Other radiation techniques also facilitate the elucidation of chemical
reactions normally carried out by conventional chemical means. The relaxation
kinetics of seeded emulsions of styrene has been studied immediately after
removal from a gamma radiation field. Rate coefficients and activation
energies have been obtained for both the first order loss of free radicals
from the particles and for the entry of thermally generated free radicals
which start further polymerisation. Investigations of in-source and out-ofsource polymerisation in the presence of a chain transfer agent is giving
further insight into the reaction mechanisms which obtain in these systems.
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6.6 Shrinkprooflng Treatments for Woollen Materials
[K.G. McLaren]
Patent action is continuing. The British patent examiners have unearthed
one old reference which makes sweeping claims on the use of radiation and
almost any type of organic polymer to modify textile properties. Arguments to
counter their objections have been presented to the patent authorities in the
United Kingdom and the United States.
6.7 Irradiation Technology
[P.A. Wills, D.F. Sangster]
The suitability of ionising radiation for multiple sterilisation of
plastic/metal devices was investigated under a Research Contract with
Unisearch Ltd.
A cosmetic manufacturing company discovered, after packaging, that one of
their products contained pathogenic bacteria and would have to be rejected
unless it could be decontaminated. They were advised that, although the
normal sterilising dose could not be used because it caused unacceptable
changes in one of the packaging components, lower pasteurisation doses
sufficient to inactivate the pathogens present did not affect the packaging
material. The product was subsequently treated at the lower dose in the gamma
pond, on a commercial basis.
Corks for wine bottles are washed with potassium metabisulphite before
being radiation sterilised. The question on the effect of irradiation on any
of the chemical remaining in the cork was raised. Infrared analysis of the
commercial potassium metabisulphate used for washing the corks showed some
decomposition after treatment with 30 kGy. However, decomposition was
probably due to an impurity as it was not apparent when Merck reagent grade
sodium metabisulphite was similarly treated.
Infrared spectroscopy was also used to examine the effects of a radiation
sterilisation dose on quinine dihydrochloride, used for control of malaria.
No differences between irradiated and unirradiated material were detected.
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7. RADIATION DETECTION AND MEASUREMENT
7.1 Chemical Dosimetry
Measurement of low doses of radiation
[R.W. Matthews]
(a) Terephthalate system
Aqueous solutions of sodium terephthalate give, on irradiation, a highly
fluorescent product, sodium hydroxyterephthalate. Concentrations of the order
of 1 x 10 M can be detected by fluorimetry. This system has been used to
measure doses commonly used in radiation teletherapy and down to as low as 1
rad. Because of its potential importance as a low level dosimeter, a detailed
study of the radiation chemistry has been carried out at Lucas Heights.
In addition to the yield of the fluorescent product, the yields of
peroxides and carbon dioxide have been measured under a variety of irradiation
conditions. The contributions made by the radiolytic species -OH, e~aq', and
to the reaction products have been established.
Possible sources of error from the use of the system as a dosimeter have
been found to be the change in solution pH and the increase in the carbonate
content of the solution as a result of atmospheric absorption.
(b) Ceric-Thallous system
It has long been known that in the presence of thallous ions, 6(Ce ) is
increased from about 2.4 to 7.8. Thus, the ceric-thallous system is about
three times more sensitive to radiation than is the normal eerie sulphate
dosimeter. The usual way of measuring radiation-induced changes in the eerie
ion concentration at the lowest doses is by spectrophotometry but at low eerie
ion concentrations the cerous ion concentration can be measured
fluorimetrically. Further, the fluorimetric method is more sensitive for
cerous ions than the spectrophotometric method is for eerie ions. The cericthallous system was therefore irradiated using fluorimetry to observe the
formation of cerous ions instead of spectrophotometry for the disappearance of
eerie ions. It was found that by this means doses in the range 1 to 10 Gy
could be measured with a precision of about ± 2.3 per cent.
Cerous ions are not as fluorescent as some organic molecules and the
sensitivity is not as great as in the case of the terephthalate dosimeter.
However, the G(Ce ) value and the reaction mechanism are quite well
established and standard solutions of cerous ion can be readily prepared for
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the calibration of the fluorimeter. A useful extension to the low dose limit
of a cerium based dosimeter can therefore be achieved.
Dosimetry In food irradiation
It is expected that there will soon be a world requirement for dosimeters
suitable for food irradiations. One of the first foodstuffs irradiated in
Australia may be chickens with a dose requirement of about 7 kGy.
This particular dose is less than that measured with the ceric-cerous
dosimeter in sterilisation processes but greater than doses measurable with
the ferrous sulphate dosimeter. It was thought, however, that the convenient
potentiometric measurement with the ceric-cerous system would be possible at
the lower dose of 7 kGy.
Experiments to assess the feasibility of using the potentiometric method
for these doses showed it to be quite satisfactory after some minor
modifications to the electrochemical cell. The maximum difference found
between actual and measured doses was almost three per cent. The mean
difference was approximately one per cent.
7.2 Measurement of Low Radiation Doses Using Simple Aqueous Dosimeter
Solutions and Chemiluminescence Methods of Analysis
[K.G. McLaren]
Dosimetry at the low dose levels is of major interest in the radiobiology
and radiotherapy fields but it presents formidable problems. There is a need
for simple, tissue-equivalent chemical dosimeters capable of measuring doses
of the order of one gray or less. At such low dose levels, only minute
chemical changes are produced in the dosimeter solution, and it is necessary
to employ highly sensitive methods of analysis. World-wide research in this
area has so far concentrated on trying to improve the sensitivity of
spectrophotometric methods of analysis, or using ultraviolet-excited
fluorescence methods which offer inherently high sensitivity. Both of these
approaches involve comparatively expensive analytical equipment which requires
sophisticated stable sources of radiation as analytical tools.
Recently it was realised that chemiluminescence techniques such as those
used for the analysis of traces of metals in solution, offer exciting
prospects for dosimetry at dose levels hitherto not accessible by conventional
chemical dosimetry techniques. For example, theoretical calculations based on
chemiluminescence analysis data in the literature indicate that a system based
on simple aqueous dichromate solutions could be used to measure doses down to
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6 x 10~3 Gy; a system based on cobalt compounds could measure dose down to 4
x 10"5 Gy. The latter is almost three orders of magnitude lower than the dose
levels accessible by the most sensitive dosimeter systems currently being
developed using fluorescence methods of analysis.
Another potential advantage of chemiluminescence analysis methods is that
they utilise the light produced by a chemical reaction, so that it should be
possible to develop analytical equipment which is simpler and cheaper than
spectrophotometers and spectrofluorimeters which, as mentioned earlier,
require sophisticated radiant light sources.
Research on dichromate systems has begun, and samples given low doses of
radiation have been sent to chemiluminescence analysis experts at the
University of New Hampshire, USA. The analytical results are not yet
available.
Some preliminary work has been carried out on a cobalt system, and a very
promising cobalt compound appears to have been synthesised. Experimental
equipment to enable chemiluminescence and related types of measurement (such
as lyoluminescence and thermoluminescence) to be carried out at the AAEC is
being developed. Instrumentation and Control Division is collaborating on the
development of light measuring equipment.
8. IRRADIATION SERVICES AND ROUTINE DOSIMETRY

8.1 Routine Dosimetry Service
[R.W. Matthews]
Approximately 360 ceric-cerous dosimeters were supplied and measured for
a number of private companies using high energy ionising radiation for the
sterilisation of materials. The total revenue was approximately $2800.
8.2 Electron Beam Irradiation Service
[A. Baker-Turley, N.A. McAskill, D.F. Sangster]
The 1 MeV Van de Graaff electron accelerator was used mainly for pulse
radiolysis studies during the year. A new pulse radiolysis control unit was
designed and built by Instrumentation and Control Division and is now linked
to a synchronised light shutter and electron beam stop mechanism. One of the
advantages of this system is that photolysis of the experimental solution by
the analysing light beam is minimised. An additional electromagnet has been
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fitted to the flight tube for better control of the electron beam.
9. CONSULTATIVE SERVICES
9.1 Gamma Irradiation
[P.A. Wills, O.F. Sangster]
Industry Initiated approximately two thirds of the technical enquiries
received this year; the remainder came from Australian or State government
departments, instrumentalities, universities, hospitals, or schools.

Several enquiries concerned the use of ionising radiation as a quarantine
control method for large volume Imports, such as timber (insect
disinfestation) and edible beans (plant pathogens), or much smaller volume,
potentially hazardous imports such as serum in RIA kits and plaster of paris.
With increasing awareness of the mutagenicity of ethylene oxide, radiation
could emerge as the chosen quarantine control.
Other enquiries have dealt with the stability of various plastics after
radiation sterilisation, treatment of honey to control the spread of
pathogenic bacteria, radiation resistance of bacteria in peat, elimination of
bacteriophage from washing water in cheese factories, sterilisation of
bacteriological media and components of dialysis units, control of Salmonellae
in processed chickens, effect of irradiation on vitamins, development of
impregnated dressings for use with burns, radiation preservation of fruit and
vegetables.
9.2 Air Conditioning Regenerators - Research in Collaboration with CSIRO
Division of Mechanical Engineering
[K.6. McLaren]
CSIRO Division of Mechanical Engineering is trying to develop rotary
heat- and moisture-exchangers suitable for air conditioning in humid tropical
climates. The major problem 1s to find heat-exchange media which can absorb
large amounts of water without becoming dripping wet, with consequent loss of
soluble water absorbing agents.
Experiments have been carried out with materials produced by radiation
and chemical grafting techniques, which have good hydrophilic properties.
The CSIRO Division of Mechanical Engineering will compare materials developed
by the AAEC with those produced by CSIRO Division of Textile Industry.
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Figure 1

Elution of generator with saline, (a) Saline in glass
bottle, (b) Saline in vinyl sachet.
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1. INTRODUCTION

The work of the Materials Division, which covers a wide range of
activities, can be summarised under a number of main headings and subheadings
where appropriate. The names appearing alongside such headings, subheadings,
etc. are those of people from the Division who have made a significant
contribution to the work described.

2. CENTRIFUGE MATERIALS

2.1 Maraging Steel Research
Maraging steels which combine high strength with adequate toughness are
comparatively easy to fabricate, making them attractive for use in the
centrifuge method for uranium enrichment. The major factor in the realisation
of these attractive characteristics is the hysteresis which exists between the
metastable martensite, formed by air cooling the solution treated alloy, and
its reversion to the stable, high temperature austenite after heating. This
hysteresis permits the relatively soft, carbon free martensite to be formed
into the required shape at room temperature before development of high
strength by ageing of the martensite for a few hours at about 500°C. The
ageing treatment yields a fine intermetallic precipitate within the
dislocated-lath martensite structure to give steels with extremely high
strength depending on the initial alloy composition. Ideally, we wish to
optimise the strength, fracture toughness and resistance to environmentally
sensitive fracture. Many of these properties depend on the microstructure
achieved by the various heat treatments and mechanical processing steps during
manufacture of the desired component.
In spite of voluminous literature on the metallurgy and properties of
maraging steel our preliminary work has revealed that significant gaps exist
in the understanding of microstructural development, and consequently the
mechanical properties are not always predictable under critical conditions of
service. Results obtained during the past year are encouraging. Much effort
has been devoted to developing suitable techniques of optical metallography,
electron microscopy, X-ray diffraction and microprobe analysis. Improvements
in experimental techniques, while clarifying some aspects, have often revealed
new complexities in the physical metallurgy of these steels.

A summary follows of work in which a consistent pattern is emerging.
2.1.1

Solution treatment
[R.A. Clissold, E. Meller, J.T.A. Pollock, R.B. Warren]

The aim of solution treatment of maraging steels is two-fold: to ensure
that the treatment is carried out at a high enough temperature to dissolve all
alloying elements and so produce a homogeneous single phase austenite; and to
minimise austenite grain growth during solution treatment since the eventual
mechanical properties of the aged material appear to be superior for materials
with a small prior austenite grain size. Therefore, to achieve the correct
high temperature heat treatment the solution treatment temperature and time
must be optimised.
The prior austenite grain size is estimated from optical metallography.
Considerable difficulties have been experienced in developing suitable
metallographic techniques for revealing the prior austenite grain size. The
most successful approach involves mechanical abrasion to 4-8 ym diamond pads
followed by electropolishing using a solution of 5 per cent HC10. in glacial
acetic acid at room temperature. The electropolishing removes surface
deformation introduced during mechanical abrasion stages of surface
preparation. Electrolytic etching has been most successful in revealing prior
austenite boundaries although no satisfactory techniques are available for
over-aged specimens. The low relief contrast produced during etching requires
the use of Nonnarski objectives to record images of the prior austenite grain
size.
The results of prior austenite grain size measurements versus annealing
temperature are summarised in Figure 1. For MAR 350, the optimum solution
treatment is 1 h at 820°C. The solution treatment of MAR 400 steels is far
more critical. The results of transmission electron microscopy show that in
specimens annealed at 800-900°C the austenite contains undissolved particles
of p phase having the composition (FeCoNi)yMog. The y phase inhibits
recrystallisation of the austenite below about 950°C. The p phase dissolves
rapidly and with recrystallisation rapid grain growth of austenite occurs
above 1000°C.
On cooling to room temperature from the solution treatment, the austenite
transforms to martensite. Electron microscopy and X-ray diffraction

techniques show that a small amount of austenite is retained at room
temperature. This retained austenite appears along martensite lath
boundaries. Further work is planned to investigate the role of retained
austenite in greater detail.
2.1.2 Ageing treatment - analysis of precipitation
[C.J. Ball, R.B. Warren]
In general, maximum strength of maraging steels is obtained by ageing in
the vicinity of 500°C. The sequence of precipitation is complex since the
metastable martensite decomposes via a number of overlapping processes. The
precipitate is small, and normal selected area diffraction techniques for
phase identification using transi ission electron microscopy are of limited use
because of excessive double diffraction, overlap from crystallographically
equivalent variants of precipitate phases and the small size of the
precipitate. We have attempted to use, with limited success, microdiffraction techniques in STEM, electrolytic extraction of precipitate for
further studies in the electron microscope and X-ray diffraction.
To understand further the decomposition of martensite, we have studied it
over a wider range of temperature than encompassed by commercial heat
treatments. The precipitate phases in the higher temperature treatments are
often identical to those formed during ageing to give maximum strength.
However, the larger size of precipitate is more amenable to study with
available experimental techniques.
Qualitatively the behaviour on annealing of 300, 350 and 400 grade
maraging steels has shown a number of similarities which can be summarised as
follows:
1. Substantial precipitation occurs during the first few minutes of an
anneal at temperatures of 500°C and above, and is accompanied by a
reduction in the lattice parameter of the a-phase. For instance, at
550°C in a 350 grade steel, about 60 per cent of the total parameter
change of approximately 0.25 per cent occurs during the first ten
minutes, and there is no further change after 4 h. At 600°C,
precipitation is completed after 0.5 h, as evidenced by changes in
lattice parameter. Precipitation also occurs at 450°C though more
slowly.

2. Reversion of martenslte to austenlte occurs at temperatures of 500°C and
above. The amount of reverted austenlte Increases with Increasing time
and temperature up to about 65 per cent in a 350 grade steel, above which
the reverted austenite is unstable on cooling to room temperature. This
amount of austenite is formed in about 30 h at 650°C or 10 minutes at
700°C. At 600°C the amount formed after 100 h is only about 40 per cent.
Note the much greater dependence on temperature than on time.
3.' The sensitivity of the amount and stability of the reverted ai-itenite to
temperature is shown most clearly in a series of anneals for the same
time (4 h) at different temperatures. The amount of reverted austenite
after this time increases approximately linearly with temperature, from 1
per cent at 500°C to 65 per cent at 675°C. The austenite formed at 680°C
is unstable on cooling to room temperature.
4. The lattice parameter of the reverted austenite increases initially with
time of ageing, reaches a maximum and then decreases. The maximum (in a
350 grade steel) is reached after about 4 h at 550° or 600°C or 10
minutes at 650°C, but is not related to the amount of austenlte present
at that time.
5. Electron microscopy shows that the variation in lattice parameter of the
austenite correlates with dissolution of the precipitate that is formed
initially in the o-phase and subsequent formation of a different
precipitate in the austenite. This is confirmed by X-ray powder
diffractometry of extracted precipitates.
6. In specimens that are annealed beyond the point of stability, the lattice
parameter of that portion of the reverted austenite that does not revert
to martensite on cooling to room temperature continues to fall with small
Increases of time or temperature of anneal. There is some evidence that
at much higher temperatures of anneal it rises again but the amount of
austenite remaining untransformed in these cases is very small.
7. The lattice parameter of the martensite formed from austenite that had
been annealed beyond the point of stability is greater than that of the
unreverted martensite in the same specimen, and is probably close to that
of solution treated specimens. Measurement is complicated by the
presence of unreverted martensite.

8. The precipitate formed in the a-phase of MAR 350 after 60 h at 575°C
consists of close-packed layers of atoms with a layer packing sequence of
ABAC (e.g. Ni3Ti). The composition of the precipitate is close to
Feo(Ni,Co,Ti)Moo and there is evidence of weak ordering within the
layers, leading to a doubling of the 'a1 parameter of the unit cell to
0.510 nm.
9. The precipitate formed in the a-phase of MAR 400 after 60 h at 575°C is
not the same as the precipitate formed in MAR 350 and has not been
identified, though the diffraction patterns of the two precipitates are
very similar.
10. The precipitate extracted from MAR 350 depends on the solution used for
electrolytic extraction. Extraction with a solution of (NHJ^SO^ and
citric acid in water yields a precipitate that appears to be the same as
the precipitate observed in thin foils by selected area diffraction, but
extraction with a solution of HC1 in ethanol yields a precipitate that is
the same as that extracted from MAR 400 with either solution, which may
or may not be the precipitate actually formed in the steel.
11. The texture of reverted austenite is closely related to that of the
martensite from which it formed. Furthermore, if the austenite is
annealed beyond the point of stability so that it transforms back to
martensite on cooling, each austenite grain transforms to a martensite
grain of the same orientation as that from which the austenite was
formed, so that the original texture of the martensite is reproduced with
very little degradation. Even after ten thermal cycles the texture of
the martensite is almost as strong as in the cold formed condition.
2.1.3 Creep properties at ambient temperatures
[R.A. Clissold, J.T.A. Pollock]
In centrifuge design, predictability of the creep behaviour of materials
is essential. Unfortunately, creep measurements are not available for
materials such as maraging steels at ambient temperatures and high stress.
Consequently, we have examined methods of predicting long term creep behaviour
from short term stress relaxation measurements. For these experiments, high
sensitivity creep rigs were constructed and the directly measured creep data
were compared with those derived from the stress relaxation measurements

(AAEC/E462). Satisfactory agreement was obtained between the results of the
two techniques.
We have now extended to copper, 70/30 brass and a high strength 7075F
aluminium alloy. The aim of these studies is to determine the general
applicability of the method. Work hardening in copper may be more accurately
measured than in high strength steels. This allows the usefulness of work
hardening corrections to be more carefully assessed. Figure 2 shows the
excellent agreement obtained between the creep rates determined by the two
methods for copper.
Figure 3 shows a similar plot for 70/30 brass for a more restricted range
stress. The agreement is not as good and problems are thought to arise from
strain ageing known to occur in these alloys. The role of strain ageing on
the analysis will be pursued further with specimens of 7075F aluminium alloys
which are currently under study.
An understanding of all factors contributing to the stress relaxation
measurements will aid in improving the accuracy of creep prediction in high
strength materials used in centrifuge enrichment.
2.1.4 X-ray diffraction studies of retained and reverted austenite in
maraging steels
[C.J. Ball, P.M. Kelly]
X-ray diffraction methods, in principle, are capable of giving accurate
estimates of ferrite and austenite in two-phase materials. In practice, the
analysis is complicated by preferred orientation in the specimens, and we have
devised a new method of correcting for this.
The integrated intensity per unit length of diffraction line for a fully
random, single phase powder is given by

' * * hkl
where the symbols have their usual meaning (see, for example, Cullity, B.D.
[1956] - Elements of X-ray Diffraction. Addison-Wesley, Reading, Mass.,
p.389); k is the product of those factors that do not depend on the reflection

being measured. If the pole density in the relevant solid angle differs from
random by a factor R^j, and the diffracting phase occupies a fraction f of the
total specimen volume, the above expression for I is modified to

Ihkl

k f <hkl

l

hkl

and g now refers to the composite specimen not solely the diffracting phase;
k is the same for both components of a mixture and I 1 can be calculated for
any set of diffracting planes, but the problem is to separate f and R.
One method that has been used is to make measurements only on planes of
high multiplicity, e.g. 211 and 311 , and to assume that for these planes
R=*l. Dickson made measurements of a large number of reflections for each
phase and then assumed that - for n~7. This is probably a better
assumption, but the time taken for a determination of the phase composition is
much greater. Of course, R can be directly determined by measuring the pole
figure, but the time taken to do this would be even greater.
Our method does not try to estimate the value of R. ., for each reflection
but relies on the fact that, in a martensitic transformation, there is a
definite orientation relation between parent and product phases. In
particular, for a Bain orientation rulationship, which can be thought of as a
rotation of 45° about a common [100] direction, it can be shown that (for the
formation of o from 7) if all variants of the orientation relation are equally
probable,
R

R

200

200

R

220

Using this relation we find that the fraction fa of o phase in a composite
specimen is given by

l-f°

(I

2007/I<2007) * * (I220-/I'2207)

A determination of the amount of o present requires measurement of only three
reflections, in comparison with the fourteen or more recommended by Dickson.

1. Dickson, M.J. [1969] - J. Appl. Cryst., 2:176.

For a Kurdjumov-Sachs or Nishiyama orientation relation the above
expression is no longer exact, but in view of the similarity betweeen the
Bain, K-S and N relations we expect it to be a good approximation. (For a
description of the Bain, Kurdjumov-Sachs and Nishiyama orientation relations
see Christian, J.W. [1965] - The Theory of Transformations in Metals and
Alloys, Pergamon.. Oxford.) Work is continuing on validation of the method.
2.1.5 Density measurements on heat treated maraging steels
[R. Hemphill, R.J. Hi 1 ditch]
Standard heat treatment of maraging steel involves solution treatment at
temperatures above 815°C, followed by ageing in the temperature range 460520°C for 3-4 hours. After cooling to room temperature this treatment results
in a microstructure of martensite with very fine, dispersed precipitates. The
density changes by about 0.2 per cent during the ageing treatment.
Isochronal or isothermal heat treatment may produce microstructures at
room temperature containing martensite and austenite, with or without
precipitates depending on time and temperature. Density changes measured at
room temperature after treatment are a good indication of the relative amounts
of martensite, austenite and precipitates in the microstructure.
Density measurement, used in conjunction with X-ray diffraction and
electron microscopy, is an effective method of studying the physical
metallurgy of maraging steels. For example, the percentage of austenite
determined by density change has been confirmed by X-ray diffraction.
The changes in density occurring during isochronal heat treatment at
different temperatures of a typical maraging steel are shown in Figure 4.
There are marked differences between the grades of maraging steels, but the
variations in microstructure that accompany the density changes shown in
Figure 4 for 300 grade material are representative of those occurring in other
grades of maraging steel. Precipitates are formed at lower temperatures. As
the temperature is increased, austenite is retained at room temperature and
this is reflected by the increased density change. Maximum density change
occurs at about 665°C and at higher temperatures more martensite is present in
the microstructure at room temperature. At temperatures approaching the
solution treatment temperature, density changes are lower, more and more
martensite is present at room temperature and precipitates are progressively

dissolved.
Isochronal heat treatment of Sandvik 400 grade maraging steel
Samples of Sandvik 400 grade maraging steel were solution treated for 1 hour
at 1000°C, cooled to room temperature and aged at temperatures of 400, 450,
500, 550 etc. up to 850°C. One series of specimens was held for 1 hour at
each ageing temperature and a second series was held for 4 hours at
temperature. Particular care was taken in the range 690-710°C to ensure that
specimen temperature was measured accurately. The density of each specimen
was measured at room temperature after solution treatment and following the
isochronal heat treatment. The effects of time and the ageing temperature on
density change are shown in Figure 5.
One specimen was heat treated in a slightly different manner for 4 hours
at each ageing temperature without solution treatment. For example, after
solution treatment at 1000°C for 1 hour, it was cooled to room temperature
then aged at 400°C for 4 hours, cooled again for density measurement, then
aged again for 4 hours at 450°C. This sequence was repeated at each ageing
temperature. These results are also shown in Figure 5.
2.2 Environmental Cracking of Maraging Steels
[D.H. Brtdhurst, P.M. Heuer]
Four grades of high strength maraging steels were tested in air and in
aqueous sodium chloride solutions, for susceptibility to stress-corrosion
cracking and hydrogen embrittlement. Two of the steels were tested in an
environment of gaseous uranium hexafluoride and hydrogen fluoride.
Electrochemical methods were used to characterise each alloy and to
control the test conditions during slow strain-rate tensile tests. In aqueous
solutions, failure was observed under controlled conditions in which either
stress-corrosion cracking, or hydrogen embrittlement was likely. The
strongest steels, in the age-hardened condition, were the most susceptible to
embrittlement. Hydrogen was readily removed by baking, which restored the
original properties. Steels in the 'soft' condition were not susceptible.
In gaseous fluoride atmospheres, good resistance to cracking was observed
unless hydrogen fluoride was present at pressures above about 1 kPa (10 torr).
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The failure stress in HF, or mixed UFg/HF atmospheres decreased with
increasing pressure of hydrogen fluoride.
Scanning electron microscopy
revealed brittle fracture surfaces where failure had occurred at low stress,
while failures at high stress were usually ducvile. A failure mechanism
involving reaction-produced hydrogen appears likely.
Oxide coated samples prepared by air-ageing did not have significantly
better resistance to cracking than vacuum-aged samples in the UFg/HF
environment but had improved resistance to stress-corrosion cracking in the
aqueous environment. As a means of simplifying the manufacture of these
steels, air ageing appears to be a useful alternative to vacuum ageing. This
project is now completed and two papers describing the results obtained in
aqueous solution and in gaseous fluoride atmospheres have been submitted to
Corrosion Journal for publication.

3.

3.1

REACTOR MATERIALS

In-Reactor Creep Program
[K.U. Snowden, R.J. Hilditch, J. Edwards, V. Diamond, P.A.

Stathers]

Creep tests on cold-worked Zr + 2.5 per cent Nb alloy pressure tube
material are being undertaken both in- and out-of-reactor at a stress of 310
MPa (45 kpsi) and a temperature of 290°C. Fiducial lines etched on the grip
region of in-reactor creep specimens have allowed the measurement of both
creep strain and irradiation growth strain; see insert Figure 6. The inreactor trips, etc. and the associated changes in temperature and load
experienced by the in-reactor specimens were also simulated in the laboratory
creep tests. The in-reactor tests have covered a time scale up to 3500 h,
with some tests up to 5000 h. The results based on an average of four
specimens are shown in Figure 6. The out-of-reactor creep specimens exhibited
greater initial creep extension and accumulated creep strains than the inreactor specimens; however, both sets of specimens had similar secondary
creep rates.
The overall irradiation growth strain increased positively with time,
although the growth strains developed by certain individual specimens
increased in the first 1000 h and then went negative, i.e. showed a
contraction, for the next few thousand hours.
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Tests beyond 5000 hours have not been possible because of rig failures.
At a specimen stress of 310 MPa, a high temperature spot in the specimen train
has caused premature failure of couplings on three occasions. A temperature
of 470°C, (cf. specimen temperature 290°C) was measured at the suspect
location in a second rig X182/2. Rig components have been designed to
increase the heat transfer at this spot and hence reduce the temperature. If
successful, this design will enable irradiations to be carried out for longer
periods at higher specimen stress levels and eliminate the need to rebuild the
rigs in the cells after two or three reactor periods.
3.2 Radiation Damage in Metals
[R.6. Blake, A. Jostsons, P.M. Kelly, J.G. Napier]
The choice of suitable materials for reactor structural components, and
hence the design of the reactor itself, are often constrained by the effects
of fast neutron irradiation. These effects on the properties of engineering
materials result largely from point defect clusters which can be studied using
transmission electron microscopy. Because the relatively low flux of fast
neutrons available from HIFAR restricts the studies to low fluence damage, we
have been working on materials related to thermal neutron reactors.
Nevertheless, there is clear evidence that the low fluence damage structure
strongly influences subsequent damage, and so this fundamental approach has
relevance to radiation damage phenomena in fast reactor and fusion reactor
technologies as well.
3.2.1 Zirconium
The work on zirconium has been reported in the open literature.
Essentially, we have shown that the damage structure in zirconium irradiated
to 673 K consists solely of dislocation loops with 1/3 <1120> Burgers vector
with deviations from the pure edge geometry. Both vacancy and interstitial
loops coexist over a wide range of temperatures. At 673 K or lower
irradiation temperatures, no £ component loops were found. These observations
clearly demonstrate that, below 673 K, theoretical models of the anisotropic
growth of irradiated zirconium, based on strains generated by dislocation
loops, are not adequate.
During the course of our studies, we were invited to participate in an
international 'round-robin' experiment on characterisation of neutron
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irradiated damage in a number of zirconiuir. alloys. The round-robin was
initiated by D.O. Northwood from Canada. All participants were sent an
identical set of specimens irradiated from 523 K to approximately 673 K. The
results of this study agreed with our own work and a full account was
published this year.
We have also collaborated with Dr K. Parrel 1 of Oak Ridge National
Laboratory, Tennessee, USA, on the study of defect structures in zirconium
from various sources irradiated in the temperature range 478-823 K to very
high neutron fluences. It was in some of these specimens that we first
observed the presence of faulted 1/6 <2023> loops on the (0001) plane. These
faulted loops occurred only in some batches of zirconium and then only after
irradiation at 723 and 773 K. At 673 K and lower temperatures 1/3 <1120>
loops were the sole form of damage. Specimens in which faulted loops were
observed over a limited irradiation temperature range had higher preirradiation hardness than material which contained only perfect loops
irrespective of irradiation temperature. Consequently, the formation of
faulted loops at high irradiation temperatures is associated with impurity
effects, although the sensitivity of chemical analysis on specimens from the
various batches of zirconium was insufficient to identify a specific impurity.
One important impurity is boron, which during neutron irradiation
transmutes to form helium. Neutron irradiation induced voids have been
detected in specimens of zirconium containing about 1 ppm of
B after
25
2
irradiation to 1.3 x 10 neutrons/m (> 0.1 MeV). In the presence of higher
10
B contents, e.g. 5 to 15 ppm, the cavities are more numerous and assume gas
bubble characteristics.
The results of the study of specimen purity and irradiation temperature
on defect structures in neutron irradiated Zr have been published this year.
3.2.2

Titanium

Titanium is a close packed hexagonal metal with great similarities to
zirconium. A study of the damage structure in titanium was undertaken for two
reasons:
(i) to extend our knowledge of the behaviour of hexagonal metals, and
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(11) titanium has attractive nuclear properties for fusion reactor
applications.
Transmission electron microscopy of zone refined titanium irradiated at
673 K to 3.9 x 1023 neutrons/m2 (> 1 MeV) shows considerable similarities with
the irradiation behaviour of high purity zirconium. The loops have 1/3 <1120>
Burgers vectors and deviate from the pure edge orientation. Again, both
vacancy and interstitial loops coexist but, whereas in zirconium the two types
of loops form populations of similar size, in irradiated titanium the
interstitial loops are considerably larger than the vacancy loops. Although
vacancy loops are dominant in titanium, the net result is that the numbers of
vacancies and interstitials stored in loops are approximately equal.
Preliminary results suggest that faulted loops are also stable at high
temperatures in some grades of titanium.
3.2.3

Fe-Cu and Fe-Au alloys

Workers at the Naval Research Laboratory, Washington, D.C. have clearly
established that copper impurities have a dramatic effect on the embrittlement
of PWR pressure vessel steels after fast neutron irradiation at 560 K.
However, the mechanism responsible for the embrittlement is not well
understood.
A critical review of the phenomenon suggested to us the possibility that
radiation enhanced precipitation of copper may be responsible for the
embrittlement. The equilibrium copper solubility in iron at 560 K is
approximately 2 x 10 wt % and this temperature falls in the region where
irradiation enhanced diffusion is expected for substitutional solutes in iron.
The irradiation induced Cu precipitate, by raising the yield stress of iron,
could be responsible for the elevation of the ductile-brittle transition
temperature observed in irradiated steels containing 0.3 wt % Cu. The
hardening of iron by Cu precipitate can be predicted from the literature if
the precipitate size and extent of precipitation is known. It was encouraging
to discover that the observed strengthening in irradiated Fe-Cu alloys at
relatively low fluences could be approximated by assuming a precipitate size
of about 5 nm.
To test these ideas, a series of Fe-Cu alloys were prepared and specimens
irradiated. Critical to the test of the hypothesis, however, was the need to
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demonstrate by transmission electron microscopy that Cu precipitate had been
formed during irradiation. Unfortunately, coherent Cu precipitates less than
5 nm in diameter in iron are invisible in transmission electron microscopy
because the misfit strain is negligible and the structure factor contrast is
extremely low, since Fe and Cu are neighbouring elements in the periodic
table.
In anticipation of difficulties with precipitate imaging in Fe-Cu alloys,
a series of Fe-Au alloys was made up for irradiation. Small gold precipitates
are readily visible in TEM because of the large misfit between Fe and Au
atoms. The Fe-Au system otherwise is similar in the pertinent aspects to the
Fe-Cu system.
The irradiation strengthening in pure iron and Fe-Cu and Fe-Au specimens
as a function of alloy content and irradiation dose at 560 K is shown in
Figure 7. Obviously, gold is a more potent strengthener than copper. The
effect of irradiation temperature is shown in Figure 8.
Transmission electron microscopy of the irradiated specimens was carried
out in the JSEM-200 equipped with a magnetic specimen pole piece. The
irradiated Fe-Au specimens revealed profuse Au precipitates in the form of
plates on 100 planes of the ferrite matrix. Quantitative microscopy shows
that, within the accuracy of the measurements, the precipitation is
quantitative and that the observed strengthening of the alloys can be
adequately accounted for in terms of the precipitate size and concentration.
The microscopy of the Fe-Cu specimens is more complex. Incoherent face
centred cubic Cu precipitates can be identified in the 1 wt % and 0.3 wt % Cu
specimens. However, the volume fraction of precipitates observed cannot
account for the amount of Cu present. The volume fraction of precipitate
appears to increase with increasing neutron dose whereas the amount of
strengthening is almost constant. These observations suggest that copper is
present in two types of precipitate. The portion visible in TEM is face
centred cubic copper whereas the rest of the copper is thought to be
precipitated as coherent Cu. The transition from coherent to incoherent
precipitate seems to occur at a particle size of 5 nm. At this particle size
theoretical estimates of hardening by coherent or incoherent precipitates give
effects.
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The results of work to date confirm our hypothesis that radiation
enhanced precipitation is responsible for the observed effect of Cu on the
embrittlement of pressure vessel steels in PWR environments. The detailed
microstructural changes during irradiations are being further evaluated in
order to test the agreement between observed property changes and the
predicted strengthening.
3.3 The Deformation and Fracture Behaviour of Materials
[K.U. Snowden, P.A. Stathers, D.S. Hughes]
During normal service conditions at elevated temperatures or in an
accidental temperature excursion, stressed components are liable to develop
damage in the form of voids. The nucleation and growth of these voids have
been followed by both metallographic and fractional density techniques.
Theoretically, void formation and growth have been related to grain boundary
sliding and migration, dislocation movement at grain boundaries and the
constraints produced by the need to accommodate these processes geometrically.
Measurements of grain boundary sliding and migration are being made to
correlate with cavity nucleation and growth studies at temperatures >. 1/2 T,m
where T is the melting point.
Voids nucleate and grow rapidly in metals subjected to high temperature
fatigue and after 20 per cent of the fatigue life reach a limiting void
density [Res Mechanica, 1(1980)129]. However, under high temperature creep
conditions, the nucleation and growth of voids occur continuously throughout
the test [Greenwood, International Conf. on Fracture, 4, 1(1977)295]. The
rate of nucleation of voids in fatigue tends to follow the rate of boundary
migration whereas the void volume and grain boundary sliding increases
linearly with time or number of cycles [J. Mater. Sci., 15(1980)795].
The influence of alloy additions and type of material on high temperature
deformation is also being examined. Additions of tin to zirconium subjected
to high temperature fatigue reduced the amount and rate of grain boundary
migration. A minimum in the rate of decrease occurred in the vicinity of the
o/(o + Zr4Sn) phase boundary [J. Nucl. Mater., 87(1979)297].
A marked difference between copper and zirconium was found in their
tendency to form voids during high temperature creep. No voids were detected
in zirconium after creep at 700°C to a strain of 16.5 per cent. However,
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voids introduced into zirconium by prior fatigue at 700°C could be made to
grow at high enough stress levels. In contrast, copper readily developed
voids under creep or fatigue conditions at 500°C. These results show that
void nucleation (rather than void growth) is the difficult stage in high
temperature creep of zirconium.
3.4 The Fracture Mechanics of Ductile Materials
[K.R. Brown, P.O. Smith, B. Zybenko]
The fracture mechanics of crack-like flaws superimposed on dents has been
examined. This kind of defect is a likely result of accidental damage to
pressure piping and pressure vessels, and could result from carelessly driven
vehicles, sabotage or missiles from nearby explosions.
It was demonstrated that the presence of both a dent and a crack in
aluminium pressure vessels can reduce the failure pressure by a factor of 3 to
6 relative to a vessel containing only the equivalent flaw. The most
significant parameter is the residual stress associated with the dent. This
stress is directly additive to the pressure-induced stresses.
The results were confirmed for thick (5.8 mm) and thin wall (2.1 mm)
stainless steel piping. A model has been developed that will enable the
prediction of the failure pressures of dented and cracked pressure piping and
pressure vessels.
3.5

Urania-Gadolinia Studies

Gadolinium oxide is often added to power reactor U02 fuel as a burnable
neutron poison to improve core performance. The addition of the SdOo affects
the structure and properties of the UCL fuel. Investigations have been
undertaken to elucidate these effects.
3.5.1

Effect of qadoliniajidditions on the grain growth kinetics of UCk
[J.L. Woolfrey, C.E. Webb]

The effect of gadolinia additions (up to 3 wt per cent) on the grain
growth kinetics of U02 in hydrogen was investigated over the temperature range
1400 to 1700°C. The experimental work has been completed and the results are
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being analysed. The preliminary analysis has shown that:
3

(a) The grain growth kinetics appear to follow a D = kt law, where D is
the grain diameter, t the annealing time and k a rate constant.
(b) The temperature dependence follows the normal Arrhenius relationship
k = k exp(-Q/RT) where Q is the apparent activation energy, R the
gas constant and T the temperature in Kelvin. The addition of Gd203
does not affect Q, which has a value of approximately 450 kJ mol-1.
However, the grain growth constant, k , decreases by a factor of
about 13 with increasing GdgOo content up to 0.5 wt per cent and
then remains constant (Figure 9).
3.5.2 Effect of gadolinia additions on the surface diffusion of UOo
[J.L. Woolfrey, D.J. Cassidy]
The effect of gadolinia additions (up to 3 wt per cent) on the surface
diffusion of UO^ has been investigated over the temperature range 1560 to
1760°C. The surface diffusion coefficients are determined from the
measurement of grain boundary groove widths produced by thermal etching in a
hydrogen atmosphere. The widths were recorded by interference microscopy and
measured directly from the photographic negative with a profile projector.
Preliminary analysis of the results has been undertaken using the formula W =
Atn, where W is the groove width, t the time, A the rate constant and n is a
constant whose value depends on the rate controlling mechanism (e.g. n = 0.25
for surface diffusion or 0.33 for volume diffusion or an evaporationcondensation mechanism). The value of n determined from the results varies
between 0.25 and 0.30, suggesting that material is being transported by two or
more simultaneous mechanisms. A computer program has been written to solve
this non-linear, least squares problem. A more detailed analysis of the
results is in progress.
3.5.3 Thermal diffusivity of uram'a-gadolinia
[M.J. Buykx]
The thermal diffusivity of sintered UOg-GdgOg bodies has been measured as
a function of 6dp03 content and temperature using a 20 joule infrared laser.
Thermal diffusivity relative to stoichiometric U02(a -,) decreases with

18

Increasing GdgOg content. The rate of decrease diminishes with increasing
GdgOg content; e.g. orel = 0.8, 0.73 and 0.63 at GdgOg levels of 0.3, 1.6 and
3 wt per cent respectively. The relative thermal diffusivity of Gd^O, is 0.45
at room temperature. Thermal diffusivities were measured as a function of
temperature to 700°C. The temperature dependence of thermal diffusivity
decreases with increasing Gd203 content.
The relative heat capacity was also measured to 700°C. The results are
being evaluated and, together with the thermal diffusivity results, will be
used to calculate relative thermal conductivity over the range of variables
studied.
3.6 Thermal Conductivity of Non-stoichiometric UOo
[W.J. Buykx]
This project has now been completed and a paper published. The results
showed that the thermal conductivity of UOg-U^Og at room temperature decreases
with increasing overall 0/U ratio (increasing U^Og content) ir che composition
range 2.00 1 0/U <. 2.10. The microstructure of UOg-U^g is influenced
strongly by cooling rate through the (U02+x solid solution)/(U02 + U^Og) phase
boundary.
The type of structure of the U.Og precipitate ('variable
1
dispersion or 'penetration') has only a minor effect on thermal conductivity.
However, when the distribution of the precipitate is not uniform, stress
relief can cause voids to appear (intragranular pores, grain boundary cracks).
This voidage has an effect on thermal conductivity which is additional to, and
greater than, the effect of sintered porosity. Good agreement can be obtained
between experimental values and theoretical predictions of thermal
conductivity based on the microstructure.
3.7 In-reactor Corrosion of Zirconium Alloys
[D.H. Bradhurst, P.M. Heuer]
A series of control experiments was undertaken to provide out-of-reactor
data directly comparable with previous data obtained in a simulated 'vault
gas' environment using HIFAR corrosion rig X179.
Three alloys, Zircaloy-2, zirconium + 2.5 wt per cent niobium alloy, and
Ozhennite 0.5 were oxidised for 24 days at six temperatures in the range 300-

525°C. The results obtained so far indicate that there was no significant
enhancement of corrosion by radiation at temperatures above 400°C. This is in
agreement with previous UKAEA data. Below 350°C radiation-enhanced oxidation
was found for Zircaloy-2 and Ozhennite 0.5 but not for niobium alloy. As
expected, enhancement factors were lower than for aqueous corrosion, inreactor.
3.8 Fuel Pin Irradiation in X170
[K.D. Reeve, R.J. Mil ditch, V. Diamond]
The first active fuel pin ^FPl) was loaded for the HIFAR startup on 20
October 1978 and was removed in December 1978. FPL had a
U enrichment of
2.3 per cent. This enrichment was chosen, on the basis of Physics Division's
previous extrapolation of low power irradiations of similar pins, as that
being necessary for a maximum pellet J k d 0 of 30 W cm" . This / kd0 would
imply a total pin power of 18 kW. The pellet-cladding clearance was, however,
chosen to accommodate ./ kd0 values up to 50 W cm and pin power levels up to
30 kW. Although the pin power was much higher than 18 kW and is now estimated
to have been around 30 kW, this caused no concern because of the relatively
large pellet-cladding clearance. During the two periods of operation with
this pin, no significant problems were encountered.
Loop and pin behaviour was monitored continuously in the reactor sealed
building during reactor startup, via the rig information data acquisition
system (DAS). In roi'tine operation the IBM360 computer was used to access DAS
tapes, each of which recorded 4-6 days of X170 history.
For most of the first irradiation period the conditions achieved were:
Loop pressure
6.9 MPa
Single phase flow
Electrical heaters off
Inlet temperature to test section
117°C
Outlet temperature from test section 131°C
Power output from the pin approximately 30 kW.
Using these data and a pin power profile as previously estimated, the NRC
fuel performance code GAPCON-THERMAL-2 was used to predict the
thermomechanical behaviour of the pin at the beginning and end of the first
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period and at the end of a proposed second period. The results of these
calculations are shown below for the hottest (centreline) pellet in the main
stack, and in the case of fission gas pressure for the pin as a whole:

Irradiation
Time
(days)

Whole Pin
Fission Gas
Stress
Pressure
Cladding
Fission
(psi)
Mpa
(psi)

Fuel
Surface
Temp.
(°C)

Fuel
Centre
Temp.
(°O

Hot Gap
(Radial)
(10'3 mm)

0

309

1866

8.6

70

24

300

1843

4.6

93

48

324

1898

4.6

123

0.48

in
from
Gas
Mpa

787

5.43

0.64

1045

7.21

0.85

1382

9.53

These results showed that fuel centre temperature, fission gas pressure and
cladding stress should remain at modest or low levels throughout the two
periods and the hot gap (between the pellet and cladding at power) should
remain positive - meaning that there should be no pellet-cladding interaction.
A decision was then made not to remove FP1 at the end of shutdown, to
continue the collection of data on the DAS tapes during shutdown, to determine
the power output of the pin during shutdown and to continue the irradiation of
FP1 for another HIFAR operating period.
The pin continued to operate just as smoothly, at a power level of around
25 kW. Electrical heaters were used during this period. With a total
electrical power input of 20 kW, coolant temperature reached a maximum of
170°C and the thermocouple monitoring cladding temperature
near the smaller
poc
diameter, more highly enriched end (4.8 per cent
U) pellets reached 248°C.
Analysis of results showed that 80 per cent of the electrical power is dumped
to the HIFAR moderator and 20 per cent is effective in raising the loop
coolant temperature.

21
After irradiation in HIFAR, FP1 was stored in the No.l storage block for
three months and then transferred to the hot cells. Preliminary examination
has been completed.
A dummy absorber pin, 25.4 mm in diameter, with similar neutron
absorption characteristics to FP1 and a central flux scanning hole was
irradiated in the loop for a number of periods after the active fuel pin was
unloaded. The neutron flux density and axial flux profile in the centre of
the dummy pin v/ere measured and compared with those outside the pressure
vessel. When an active fuel pin is being irradiated only the latter can be
measured.
A summary of relative core centreline flux density results obtained from
three reactor periods is shown in Table 1. The coarse control arm angle
(CCA°) at the time of each flux scan is noted. The neutron flux density
outside the pressure vessel is about 40 per cent higher than that in the
centre of the dummy pin. There was a trend to higher core centreline flux
density at increasing CCA°. The results in Table 1 also show that there are
differences in relative flux densities between reactor periods. Table 2 lists
the axial flux density at 25 positions in the dummy pin obtained at three
values of CCA°.
The difference in fuel pin power between a CCA° of 21.0° and 27.4° was
estimated to be about 5 per cent. A rapid increase in fuel pin power occurred
during the first two days of reactor operation as the CCAs are withdrawn from
low angles while fission products are approaching equilibrium in the core.

4.

4.1

TECHNIQUE DEVELOPMENT AND USAGE

Acoustic Emission
[B.R. Wood, R. Harris (Engineering Research Division), K.R.

Brown]

The following list identifies and comments on the activities involving
use of acoustic emission (AE).
(a)

Long-term monitoring of the Upper Avon to Berkeley water supply
pipeline was undertaken for the Metropolitan Water Sewerage and
Drainage Board. The water authority's requirements for information
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were satisfied; however, more data were acquired which will allow a
more complex correlation analysis to be undertaken when time permits
or at the request of the MWS&DB.
(b) One of the boilers on HMAS Melbourne was monitored on two occasions
during proof tests after major repairs. Leaks were detected in the
first test, and the second test, after repairs, verified the
integrity of the vessel.
(c) Following earlier work on the Navy torpedoes, AE monitoring was
undertaken during the re-assembly of a Mark 8 torpedo. Acoustic
emissions were detected in the thread area where the pressure vessel
joined the motor assembly. Further laboratory tests are being made
to classify the AE generated during metal solidification.
(d) AE monitoring of arc welds was undertaken in association with
Australian Iron and Steel Pty Ltd, Port Kembla, during a series of
toughness tests. Long-term monitoring of similar tests is to be
undertaken at Lucas Heights.
(e) The Victorian Gas and Fuel Corporation pressure tested to failure a
section of the natural gas pipeline which had been removed from
service after a crack was detected in a weld at a distributor pipe
junction. AE monitoring detected the growth of the known crack and
located the presence of an unknown defect. The presence of this
defect was later confirmed by ultrasonic examination.
(f) Earlier this year equipment was designed, built and installed in the
wall at Warragamba Dam, in an attempt to detect any acoustic
emission originating within the earth's crust. This monitoring
program is proceeding and data are being collected. Since the area
is basically geologically stable, the chance of obtaining meaningful
emissions is remote. However, some significant emissions have been
detected which cannot be explained as human interference or as water
dripping nearby.
(g) The Mew South Wales Water Resources Commission requested a series of
preliminary studies to investigate and monitor the structural
integrity of the Hume Dam, near Albury in NSW. Two days were spent
at the dam, inspecting and carrying out preliminary tests. A
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recommendation relating to long term monitoring of the dam v/as made
to the WRC following these tests.
(h) Other experimental work at Lucas Heights includes: AE source
identification and classification; HIFAR tank inspection; acoustic
emission from materials subject to heating and cooling; and the
drawing up of the basic design requirements for the manufacture of
various types of AE equipment.
(i) In addition, three lectures have been given as parts of AE training
courses organised by the Australian Oil Refinery Pty Ltd and by the
Australian Institute for Non-Destructive Testing, Sydney.
4.2 Internal Friction
[R.A. Clissold, O.T.A. Pollock]
A torsion pendulum was constructed to measure the interstitial content in
ferritic steels via internal friction methods. Carbon and nitrogen are
generally present in these materials in two forms; chemically bound to other
elements as carbides, nitrides and carbo-nitrides, or as free interstitial
solutes. Normal chemical analyses give the total carbon and nitrogen
contents, whereas it is often necessary to know to what extent free
interstitials are present.
The internal friction technique is sensitive only to free interstitials
in solid solution. Carbon and nitrogen atoms occupy octahedral sites in the
body-centred cubic iron lattice. The octahedral sites will expand and
contract if the specimen is part of a pendulum axis and made to oscillate.
Under appropriate conditions of temperature and pendulum frequency the
interstitial atoms will move to occupy expanded octahedral sites. The
resultant hopping of interstitial atoms gives rise to a damping of the
oscillations of the pendulum. The maximum, for a given temperature, occurs at
a pendulum frequency which matches the thermodynamic jump frequency of the
interstitial atom. Alternatively, for a given pendulum frequency, each
migrating species will have a temperature at which maximum damping occurs. It
is this lattice feature on which our pendulum design has been based.
A typical plot of the amplitude damping parameter Q as a function of
temperature is shown in Figure 10. Forty stress oscillations are used to
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calculate Q

which is given by

where n = number of oscillations
A = amplitude of 1st oscillation
An = amplitude of nth oscillation.
Figure 10 shows clearly that the damping curve has maxima at two temperatures.
Using results from the literature on the activation energies of C and N
diffusion in body-centred cubic iron, and internal friction measurements on
Fe-C and Fe-N alloys, the observed curve can be synthesised by superposing
individual components from C and nitrogen. As a result the amounts of carbon
and nitrogen in solid solution can be derived accurately. Table 3 lists
typical values found in a number of ferritic specimens. The technique has
been used in the study of radiation damage in Fe-Cu and Fe-Au alloys.
4.3 Non-destructive Testing
4.3.1 Neutron radiography
[N. Chrimes, P. Gillespie]
The National Association of Testing Authorities has extended the
registration of our laboratory to include neutron radiography.
The Aeronautical Research Laboratories (ARL), Department of Defence,
provided samples of aircraft structural members which had suffered corrosion
damage. These samples were radiographed using Moata as a source of neutrons
and the corrosion products were successfully located. ARL are endeavouring to
produce a sequence of specimens with varying degrees of corrosion which will
enable a more systematic evaluation of the sensitivity of neutron radiography
for detecting corrosion damage in aircraft structures. ARL has proposed
further collaboration with the AAECRE as they feel that neutron radiography
provides a potential means of seeing inside an assembled structure without
even partial disassembly. Such neutron radiography of aircraft requires the
development of portable facilities, based upon either isotope sources, e.g.
californium-252, or neutron generating accelerators. ARL has proposed further
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collaboration to develop expertise and provide advice should the Department of
Defence consider neutron radiography a viable, cost-effective non-destructive
technique for inspecting aircraft or other expensive defence equipment.
The group participated in a UK-USA sponsored international 'round-robin'
examination of silicon nitride blocks. The test samples were examined using
both X- and neutron radiography. The results of the work were included in the
Australian Department of Defence contribution.
4.3.2

Ultrasonic testing
Equipment

The design, construction and testing for the basic ultrasonic facility
progressed very well during the year. The major items of equipment include:
- Test tank for immersion techniques with water conditioning and
pumping system
- Transducer holder and manipulator with microprocessor controlled
location and scanning movements
- Digital readout or X,Y graphical display of signal
- A, B or C scan mode of operation with a variety of scanning
patterns.
Examination of resin-bonded aluminium honeycomb structure
Samples of resin-bonded aluminium honeycomb structure were examined for
bonding flaws using an ultrasonic resonance technique. Areas of non-bonding
or bonding flaws were detected.
Generation and detection of ultrasound by non-contact methods
The remote generation and detection of ultrasound is a popular topic of
investigation in many parts of the world and was discussed in a number of
papers presented at the recent 9th World Conference on NDT. One experiment
has been planned in this area and the equipment assembled to generate
ultrasound in a piezoelectric crystal using a pulse from a C02 laser.
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General
Four members of Materials Division attended the 9th World Conference on
NOT held In Melbourne during November 1979. In the period before and after
this conference visitors from the UK and the USA visited Lucas Heights and
discussed topics of interest concerning NOT.
Mr P. Gillespie participated in a technical mission of four experts to
member states of the Regional Cooperative Agreement for Research and
Development and Training Related to Nuclear Science and Technology for South
Asia, Southeast Asia and the Pacific or the Far East. Mr Gillespie's purpose
was to study the use of isotopes in the industrial field, in particular for
gamma radiography.
4.4 Neutron Diffraction
LC.J. HowardJ
Materials Division has had significant involvement in neutron diffraction
research in the past. However, recent manpower restrictions and changes in
emphasis of research programs has seen a steady diminution of effort until now
the group is reduced to one man. Nevertheless, through collaborative work
with AINSE and university researchers, significant progress continues to be
made. The highlights are reported below.
4.4.1

The AAEC high resolution neutron diffractometer

In 1976, it was decided to install a high resolution powder
diffractometer (HRPD) on collimator 6HB of the reactor HIFAR. Progress has
been slow because of shortage of available manpower.
However, the
diffractometer was built, installed and aligned in time to record its first
diffraction pattern before the extended reactor shutdown in September 1979.
A schematic diagram of the HRPD is shown in Figure 11, whilst Figure 12
shows the actual arrangement. The test diffraction pattern recorded from an
A1203 powder specimen is shown in Figure 13; the conditions were:
. 0.2° Soller collimators in primary beam
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. 1.3 x 1012 n m

s

Incident upon the monochromator

. Ge monochromator, (533) reflection, giving A = 0.15 nm
. no collimator between monochromator and specimen
7

9

1

. 2 x 10 n m s in the monochromatic beam. (This low value was
attributed to a fault in the monochromator tilt mechanism, the fault
being located after HIFAR shut down.)
. a single 0.3° collimator located in front of the BF_ counter. (This
single collimator is to be replaced by Seller collima'.ors in the
future.)
The HRPD diffraction pattern (Figure 13) may be compared with that
obtained from a similar Al-O, pov/der specimen using the conventional powder
diffractometer 4H1 (Figure 14). The improvement in resolution offered by the
HRPD is surely remarkable, even though gained at the expense of neutron
intensity. In Figure 15 the variation of peak-width across the pattern is
plotted for the HRPD at Lucas Heights, Hewat's high resolution diffractometer
D1A at Institut Laue-Langevin, and 4H1. It is evident that HRPD and D1A have
comparable resolution, and that this resolution is very much better at high
angle than for the conventional diffractometer 4H1.
The results reported here (Figures 13 and 15) show that the HRPD indeed
has a resolution equal to the best in the world. In the next stage of
commissioning, attention is to be given to improvement of neutron intensity
and more efficient data acquisition procedures.
4.4.2 Renovation of AAEC four-circle neutron diffractometer
The four-circle single crystal neutron diffractometer, on collimator 6HA,
has given no really satisfactory results since its installation a decade ago:
it has given broad and misshapen reflections, irrespective of the crystal
under study and the measured intensities of equivalent reflections have
differed significantly, which is evidence of serious problems. Renovation of
the diffractometer was carried out this year.
The problems of the diffractometer were attributed to poor primary
collimation, and to possibly unsatisfactory monochromators. The removal of
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the 6HA shielding, in connection with the installation of the high resolution
powder diffractometer, afforded the opportunity to improve the primary
collimator. To this end, 0.27° Soller collimators were installed in the
primary beam.
With the resulting improvement in primary collimation, attention could be
focused on our monochromator crystals. Two copper crystals and two germanium
crystals were examined. None was particularly satisfactory. However, the
diffractometer was set up using the (531) reflection from one of the germanium
crystals. This provided a flux, at the sample position of about 5.7 x
108 n nf2 s~l. The wavelength was X = 0.095 nm.
Mucn of the work outlined in the previous paragraph was carried out by Dr
J.E. Tibballs (University of Melbourne). Tibballs then proceeded to measure
intensities from InAs at five different temperatures, and from GaSb at room
temperature.
These measurements provided data on both the width of
reflections as a function of angle and an overall diffractometer performance.
Tibballs has reported that although count rates we^e low, the quality of the
data obtained was excellent.
The renovation of the diffractometer was successful in that it is now
possible to collect good quality data at slow rates, rather than unacceptable
data at faster collection rates. Count rates can probably be improved
(without deterioration of quality) using a better monochromator crystal and
with careful attention to geometry.
4.4.3 Maintenance of AAEC four-circle X-ray diffractometer
The AAEC four-circle X-ray diffractometer was maintained during the year
for users outside Materials Division but there were problems with the ageing
computer and its teletypewriter. In March, the X-ray counter was removed so
that the liquid nitrogen cryostat could be serviced. When the counter was
returned, the diffractometer had to be realigned.
4.4.4 Research work
In collaboration with Dr R.D.G. Jones (Australian National University),
diffraction from extended face crystals was examined. The experimental
requirements are for large crystals and fine neutron beams, such that the
crystal face intercepts the whole beam. Our main aim now is to examine how
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experimental results compare with those predicted by the relevant theory
developed by Dr S.W. Wilkins (CSIRO Division of Chemical Physics).
Eventually, extended face techniques may be developed to determine
extinction-free structure factors for suitable crystals. In preliminary
studies we found a suitable crystal (of CaF,,) and investigated geometrical
aspects of the extended face diffraction experiment.
In collaboration with Prof. T.M. Sabine (NSW Institute of Technology)
high precision data on diffraction lines from an MgO powder specimen have been
collected. A careful analysis of the shape of these lines is in progress.
Data on lineshapes are necessary to ensure effective use of the profile
refinement programs commonly used for the analysis of neutron powder patterns.
Preliminary data using LONGPOL (Dr T.J. Hicks, Monash University) were
collected in its time-of-flight mode. The elastic peak in the nuclear
incoherent scattering from vanadium was recorded to test the time-of-flight
arrangement. With a specimen of PrSb, an inelastic peak in the magnetic
diffuse scattering was recorded.
4.5 Electron Microscopy Techniques
A search is being made for new techniques to support work on radiation
damage, high strength steels and the solid waste encapsulation via the SYNROC
concept. Transmission electron microscopy is mainly centred around the JSEM200 whose micro-diffraction capabilities have been examined in greater detail.
A detailed calibration has been carried out on the microscope which has a
magnetic specimen pole-piece to permit studies of ferromagnetic specimens
without the usual problems of alignment and astigmatism present with
conventional objective pole-pieces. Improvements have also been made to the
library of crystallographic computer programs developed as an aid to electron
microscopy.
The scanning electron microscope (JSM-U3) was equipped with an energy
dispersive X-ray analyser from Tracer Northern (TM-1710). This facility has
been used extensively in support of the SYNROC work in analysis of the mineral
phases. The development of the image analyser for use on the JSM-U3 has
continued.
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4.5.1

Micro-diffraction In the JSEM-200
[P.M. Kelly, R.G. Blake, A. JostsonsJ

There is considerable interest in micro-diffraction techniques utilising
fine focused probes of electrons to overcome the spatial uncertainty imposed
by spherical aberration in the objective lens in the conventional selected
area electron diffraction technique. The technique is particularly useful for
studies of small precipitate particles and for convergent beam diffraction.
In the JSEM-200 the recommended method of forming a small STEM probe uses
an over-focused second condenser lens (CL-2) together with the prefield of the
objective lens. Unfortunately, the diffraction patterns obtained in this mode
cover a very restricted range of the reciprocal lattice. We have shown
previously (AAEC/E363) that fine focused probes can also be obtained with an
under-focused CL-2 lens. Under these conditions the angular range of the
reciprocal lattice imaged in the diffraction pattern can be significantly
extended so that the first order Laue zone rings of face-centred cubic
stainless steel can be observed (a = 0.358 nm). The results of the present
work demonstrate that a wide range of probe sizes and diffraction conditions
can be obtained with the JSEM-200 to suit most needs of the materials
scientist.
4.5.2

Calibration of a JSEM-200 electron microscope with a magnetic specimen
pole-piece
LR.G. Blake, A. JostsonsJ

The electron optics of the JSEM-200 with conventional pole-pieces is
significantly degraded when ferromagnetic specimens are examined.
In
particular, systematic tilting experiments for contrast analysis are almost
precluded using such magnetic specimens. A magnetic specimen pole-piece was
purchased from JEOL (Japan Electron Optics Laboratory) Ltd for examination of
ferritic iron specimens. The pole-piece construction results in a very low
magnetic field at the specimen position which enables specimen tilting with
the side-entry goniometer stage without constant adjustment to beam alignment
and astigmatism correction.
Image magnifications, camera length, and the relative rotation between
the image and selected arc diffraction patterns have been calibrated as a
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function of lens current. The maximum magnification obtainable with the
microscope in this configuration was about 60 000, and the point-to-point
resolution better than 2 nm.
4.5.3

Crystal!ographic computer program
[0.6. NapierJ

The library of crystallographic computer programs for electron microscopy
(AAEC/E417J continues to be updated. Appropriate subroutines have been
modified to enable electron structure factors and extinction distances to be
calculated using the most recent tabulation of scattering factors by Doyle and
Cowley. Previous scattering data by Smith and Burge, Doyle and Cowley, 2
Doyle and Turner and Radi, are still available.
These programs are also being modified to produce a more suitable form of
printout for X-ray diffraction applications.
4.5.4

Image analysis
[J.G. NapierJ

After suitable logic circuits had been developed for an electronic image
analyser, a prototype unit was built and tested.. The image analyser is
interfaced directly to the JSM-U3 scanning electron microscope, providing
measures of volume fractions, particle numbers and line intercept counts of
multi-component structures. The analyser incorporates a simple logic test for
convergence which discriminates between 'V and '0' shaped particles. These
configurations approximate two or more particles which converge to a single
~1. Smith, G.H. and Burge, R.E. - The analytical representation of atomic
scattering amplitudes for electrons. Acta Cryst., 15 (1962) 182-186.
2. Doyle, P.A. and Cowley, J.M. - Scattering factors for the diffraction of
electrons by crystalline solids. Section 2.4, pp. 152-175, vol.4,
International Tables for X-ray Crystallography (eds. J.A. Ibers and W.C.
Hamilton). Published for the International Union of Crystallography by
Kynoch Press, Birmingham, UK.
3. Doyle, P.A. and Turner, P.S. - Relativistic Hartree-Fock X-ray and
electron scattering factors. Acta Cryst., A24 (1968) 390-397.
4. Radi, 6. - Complex lattice potentials in electron diffraction calculated
for a number of crystals. Acta Cryst., A26 (1970) 41-56.
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particle and a particle containing one or more voids, respectively.
Experience with the prototype has been encouraging, and useful
measurements were made on composite materials. However, drift and noise have
occurred In the signals originating from the detectors fitted to the JSM-U3.
The detector signal amplifier and the circuitry of the analyser have been
modified and the problems reduced.
Signal drift was further reduced by the Installation of a battery power
source to the detector signal amplifier. Noise was reduced by incorporating a
low pass filter with a cut-off frequency of approximately 10 kHz. Reduction
of the cut-off frequency below 10 kHz tends to degrade the image resolution.
Residual noise problems in the image signal were overcome by digital
filtering.
The unit in its present state of development is suitable for
microstructural analysis of the JSM-U3. It can readily provide quantitative
information on porosity, and carbon fibre parameters in an epoxy matrix.
Further improvements could be obtained by replacement of the relatively
crude detectors and associated amplifiers on the JSM-U3 with more modern
signal detectors. The possibility of interfacing the image analyser with
optical microscopes via a Vidicon camera tube is being explored.

5.

SOLAR ENERGY

5.1 Hydrogen Production from Solar Photoelectrochemical Cells
[D.H. Bradhurst, 6.Z.A. StolarskiJ
Experiments continued on the oxidation of metals to produce photo-anodes
of improved efficiency for the solar-assisted production of hydrogen and
electricity from water, using photoelectrochemical cells.
Electrical and optical methods were used on a series of titanium oxides
to determine the properties of the most efficient films. Structures were
studied by X-ray diffraction and electron microscopy. The better films were
coarsely crystalline and oxygen-deficient. Their electrochemical behaviour
approximated the Mott-Schottky model, and measurements of their band-gap and
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flat-band potential agreed with published data for titanium oxide crystals.
Doping techniques were tried, including alloying, evaporated films,
aqueous oxidation and laser fusion but all failed to improve efficiency.
Although many dopants remain to be tried, the prospect of improving the
efficiency of titanium oxide much above two per cent appears to be limited.
y

A cylindrical concentrating collectoro of 1 m area was constructed, using
a rectangular titanium element of 400 cm area at the focus. The element was
oxidised in a multiple-element furnace. The collector operated successfully
as a combined hydrogen generator and solar heater, with a bias of as little as
0.4 volts, and provided separate streams of hydrogen and oxygen gas. Heat was
extracted by a small heat exchanger which also assisted convective circulation
of the electrolyte. Hydrogen was produced at about 250 cm per hour, which
was less than expected (4 litres per hour, based on extrapolated laboratory
results). This is thought to be due to ultraviolet losses from reflection and
absorption by the glass tubing used at the focus.
5.1.1

Patent action

An
Australian
Patent
Specification
No.87902/75-504,020
'Electrophotolysis' was accepted by the examiner. The patent covers the use
of oxidised metals for the production of hydrogen and electricity from solar
energy, using photoelectrochemical cells. (Provisional date 9/1/75, complete
24/12/75.) A second patent application No.PD8153, covering methods of
preparation of oxides on titanium of improved efficiency was applied for on
23/3/79.
5.1.2 Hydrogen storage using metal hydrides
[D.H. Bradhurst, P.M. HeuerJ
Hydrogen gas may be stored with comparative safety in the form of solid
metal hydrides. The development of a safe storage system would lead to the
more widespread use of hydrogen as a fuel, particularly for transportation.
The best alloys available at present are the iron-titanium and magnesium
alloys, some of which can store up to 5 wt per cent of hydrogen in a
reversible form.
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The main problem with the existing alloys is 'poisoning' of their
capacity to absorb hydrogen, because of competing reactions with impurities in
the hydrogen such as water vapour, oxygen and nitrogen. The main objectives
of research of these materials is to minimise these effects, and improve their
capacity for hydrogen by alloying.
Samples of an iron-titanium alloy and a magnesium-nickel alloy were
obtained from the Daimler Benz Company in Germany, and a high pressure
apparatus constructed to enable absorption and desorption isotherms to be
determined. An iron-titanium alloy was also fabricated by argon arc melting
for comparison with the commercial alloy.
After initial difficulties with residual water vapour contamination, the
apparatus is now operating satisfactorily, and adsorption/desorption and
metallographic data have been obtained for the iron-titanium alloys at 25 and
80°C.

6. SERVICE WORK

6.1 Metal Fabrication. Welding and Brazing
[N. Chrimes, A. Ridal, R. Gardner, S. Rowling, B. Cooper]
6.1.1

Metal fabrication

A variety of work requiring the special skills available in the Materials
Division has been done. The special materials fabricated included uranium,
beryllium, silica, mullite, zirconium alloys, FeNi alloys, SYNROC, maraging
steels and a variety of glasses. These materials were melted, cast, rolled,
forged, swaged, machined and heat treated to produce the special shapes
required. Of special note was the completion of twelve depleted-uranium
isotope transport containers and the fabrication of 93 per cent enriched
uranium discs required as standards for nuclear material control.
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6.1.2

Heldinq
Equipment

The small experimental chamber of the electron beam welder was further
modified to allow longitudinal butt welds to be made in sheet and plate.
Work continued in the arc stability chamber to establish design
parameters for inert gas welding torches capable of initiating and maintaining
an arc at reduced pressure dov/n to 250 mm of mercury. Two configurations gave
promising results: auxiliary low voltage electrical heating of the electrode,
and an insulated shroud to direct the arc-initiating high frequency spark
discharge.
Welding of nickel cans for encapsulation of SYNROC
Cylinders and end caps were formed from nickel sheet 0.125 mm thick by
rolling and longitudinal welding. The first end cap v/as sealed by plasma arc
welding and the second by electron beam welding. The longitudinal weld proved
difficult when making the final end welding. It is recommended that the body
be produced by deep drawing to avoid this problem.
Similar cans were
fabricated from Monel, Inconel and stainless steel.
Melding of titanium solar panels
Opitimum conditions for fabrication of panels for a prototype solar
hydrogen generator were investigated. Construction involves welding stainless
steel to titanium, and titanium to titanium.
The most satisfactory
fabrication procedure was resistance seam welding with overlapping spots. The
range of equipment available did not permit stainless steel to be welded to
titanium but no difficulties were experienced in welding 0.5 mm thick
commercial titanium sheet.
6.1.3

Brazing

Beryllium to stainless steel
Beryllium windows were brazed to stainless steel capsules in an argon
atmosphere with an 80 per cent success rate. The vacuum system was redesigned
and vacuum brazing will be used for future work.
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Brazing of Gyratron assembly for Sydney University
This job Involved brazing of ceramic Insulators to the copper body of the
Gyratron assembly. Brazing with a low temperature alloy was recommended to
avoid distortion. The assembly was brazed with Eutectlc 157 - an alloy
melting at 220°C. The assembly was successfully vacuum tested.
6.2 Ceramics Fabrication and Advisory Service
Enriched (1.8 per cent) UCL pellets have been supplied to Isotope
Division for technetium-99m production at a rate of 800 g (400 x 2 g pellets)
per month. Advice has also been given to Isotope Division on the fabrication
method and equipment used, should Isotope Division decide to take over this
fabrication task.
6.3 Source for Gamma-ray Resonance Scattering Technique
[A. Ridal, B. Cooper, R. HilditchJ
The radioactive isotopes Zn and Co, in the form of iodides, which are
used for analysis of Cu and Ni by the gamma-ray resonance scattering
technique, have been encapsulated in an inner silica ampoule and a second
outer AISI 310 stainless steel container. The performance of these materials
at the proposed operating conditions - 850UC, 10 atmospheres pressure - was
studied to determine their suitability for long term use in industrial
applications. In addition, the integrity of the completed source was examined
by carrying out tests specified in standard codes. The integrity of the
source and the performance of the materials must be assured throughout the
expected life of the source before the technique can be successfully exploited
for commercial applications.
6.3.1 Silica ampoule
Allotropic change
As previously reported, amorphous vitreous silica undergoes an allotropic
change below 400°C. It has been recommended, therefore, that the source be
maintained at its operating temperature or at least above 400°C during periods
of non-use.
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Compatibility with Iodides
Twenty-nine silica ampoules containing Zn^ and Colp were heated at
temperatures of 850 and 900°C for long term testing. The ampoules were
visually examined from time to time and weighed, measured and cleaned before
continuing the experiments. The details of the capsules and the results of
the tests are shown in Table 4. Capsules were heated for periods of up to
10 000 hours without any failures.
The capsules were dimensional ly stable at 850°C and showed no visual
changes or differences in weight. The temperature was increased to 900"C and
the ampoules examined after 500, 1200, 2000, 3400 and 5400 hours. The
dimensions were checked after 2000 hours and a small but significant increase
noted; however, no further changes in dimensions were observed. A single
ampoule was held at 900"C and measured after 18 hours and subsequently after
further periods at temperature. Total time at 900°C was 500 hours. The only
change in dimensions was measured after the initial 18 hours of heating. Thus
no measurable creep was observed after the initial expansion caused by the
temperature and internal pressure had taken place.
At one stage of the tests, the furnace temperature controller failed and
the temperature remained at 1200UC for 16 hours. After this excursion the
ampoules were examined and measured. No damage was observed but the diameters
increased by amounts of between 0.74 and 2.54 mm. However, it was not
possible to assess whether this was a true indication of the changes to be
expected at 1200°C as the ampoules were restrained by stainless steel tubes
used to support the ampoules in the furnace. Testing of the ampoules at 900UC
is continuing.
6.3.2 Stainless steel capsule
Material
AISI 310 stainless steel was selected because of the experience gained
with the prototype capsules using this same material, coupled with its
excellent oxidation resistance at the proposed operating temperature of 850
and/or 900°C, including its resistance to oxide spelling during thermal
recycling.
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Sigma formation
One problem with AISI 310 stainless steel is its susceptibility to sigma
phase formation when held at elevated temperature for prolonged periods.
Although at temperature sigma phase is no problem, it can cause embrittlement
if present at room temperature. The question arises about the integrity of
the capsule at the end of its useful life, i.e. if dropped, would it shatter
into pieces?
A sample of AISI 310 stainless steel after continuous heating between 850
and 900°C for almost 10 000 hours was examined by scanning electron microscopy
and metallography, and mechanically tested (see Table 5).
Although elongation and area have been drastically reduced, electron
microscopy found no sigma phase present; however, large precipitates of the
type M23Cg were found.
Even with the drastic reduction in ductile properties, the capsule would
probably not shatter if dropped after completing its duty as a source.
However, capsules are being heat treated to develop the sigma phase and will
be subjected to impact and puncture tests.
Compatibility of AISI 310 stainless steel with iodine vapours
As reported in AAEC/PR45 (1978), the compatibility of AISI 310 stainless
steel capsules with 'inactive' iodine proved that no problems arise if the
inner glass ampoule breaks. This was confirmed using 'active' zinc and cobalt
iodides in a similar experimental rig. Details of the capsules are given in
Table 6.
The three capsules were tested by continuously heating at 850"C for 400
hours in flowing air, the air being cooled before being passed through a
starch solution which acted as an iodine indicator. No blue coloration of the
starch occurred in any of the tests. Capsules are thus safe for at least 400
hours' operation at 850°C should the inner ampoule break. This gives ample
time to detect failure and reduce furnace temperature.
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6.3.3

Integrity of the capsules

The capsules were tested in accordance with USAEC Regulatory Guide 6.4,
March 1974, which contains information on qualification testing of a prototype
unit which, if followed, will provide reasonable assurance that the
radioactive material contained in the capsule will not be lost.
Although only the capsule integrity was under test, the capsules were
assembled using ampoules containing the same amount of zinc iodide as will be
used in production.
Before being tested each capsule was leak checked and radiographed;
afterwards the capsule was again leak checked and radiographed to assure
integrity. Table 7 gives the number of capsules subjected to the testins
program and the individual tests each capsule was put through.
This series of tests ensured that the capsule would withstand all the
required tests and retain its integrity. The capsule passed all the tests;
the glass ampoules broke during the impact and puncture tests but this was not
surprising in view of the severity of these tests.
A second series of tests was conducted as a further proof of integrity.
Although these tests are being done by Materials Division they are being
conducted under the auspices of Engineering Services Department. The results
of these tests will be used as background information for licensing of the
source.
6.4 Metal!ographic and Diffraction Service
[G.T. Kane, E. Meller, J.G. Napier, R.B. Warren, K.G. WatsonJ
Materials Division provides a service to other research divisions on
Site in optical metallography, electron microscopy, scanning electron
microscopy, X-ray microprobe analysis and X-ray diffraction. These facilities
are also employed in failure analysis consulting on behalf of off-Site
operations. During the year, an X-ray energy dispersive Si(Li) detector was
commissioned on the JSM-U3 scanning electron microscope for microprobe
analysis. This unit has greatly speeded up the output of microanalytical
work. In the X-ray diffraction area, the installation of the new Philips
PW1730 X-ray generator alleviated the serious problems of continued breakdowns
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in previous obsolete units. Optical metallography has been greatly aided by
the new 'VisapoT commercial electrolytic polishing and etching unit.
A number of computer programs to facilitate administrative procedures
have been produced by J.G. Napier in collaboration with the Divisional
Administrative Officer (J.E. Martin). These programs have been adopted by
other Divisions as well. One program deals with monthly project costing and
the other two are interactive programs dealing with stores and plant and
equipment purchases by rapidly summarising the status of orders and purchases,
giving an up-to-date picture of expenditure relative to the Division's budget.
6.5 Hot Cell Operations and Investigations
[G.J. Mitchell, R.O. Starling, V. Deikus, A. Brownscombe, P. Coleman, 0.
Paterson, R. HilditchJ
6.5.1 Operations
Cans containing materials samples and isotope targets irradiated in HIFAR
were unloaded and cleaned at each 28-day, routine reactor shutdown. In
addition, cans removed from the reactor at mid-cycle were handled on several
occasions.
Blades were replaced on five HIFAR coarse control arm units. One unit
was fitted with an accelerometer to enable routine measurement of control arm
drop time. A defective nose cone was removed from a reactor safety rod and a
new replacement cone fitted.
A stocktake of irradiated material held in the underground storage
facilities was completed and records of holdings confirmed. Samples which had
decayed to low radioactivity levels were removed from storage and transferred
to research laboratories.
The central stem of X170 with the first irradiated fuel pin was handled
in the cells. Tooling developed for removing the fuel pin from the stem
worked very well. No damage to surface corrosion products on the cladding
occurred during the operation.
Operations in the No.2 block were mainly the maintenance of in-cell
equipment, facility services and rear cell work in support of technetium-99m
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production.
6.6 Investigations
The distances between gauge marks on Zr-2.5 % Nb creep specimens were
measured before and after exposure in HIFAR. Creep and growth of the material
as a result of exposure time are shown in Figure 6.
Preliminary examination of the first fuel pin irradiated in X170 showed
that it was in excellent condition. A loosely adhering coating of black oxide
was present on the surface. There was no evidence of mechanical damage to the
cladding or location pads.
The first experiments to determine oxide thickness on HIFAR fuel element
cladding material were concluded. This work was undertaken to show that the
thermal emissivity of the fuel surface would be acceptable in conditions where
thermal radiation is the main heat transfer process for dissipating fuel
element power. The thermal emissivity from the cladding is a function of the
oxide thickness. To examine the effect of exposure time and reactor
conditions on oxide thickness, five cans of cladding material were irradiated
in rig X183/7. Batches of samples were irradiated for approximately 190 hours
(one can), 390 hours (one can) and 650 hours (three cans) while exposed to the
reactor coolant. After irradiation and unloading in the cells, specimens were
prepared and mounted, and the oxide thickness measured at several positions by
metallography. A sample of unirradiated material was included for reference.
The measured oxide thicknesses are shown in Table 8. The significant
variation in oxide thickness measured on each sample may have been caused by
the method and the associated experimental difficulties of retaining the oxide
layers. However, the oxide layer is clearly thicker after exposure in HIFAR.
There did not appear to be any clearly defined relationship between the
measured oxide thickness and exposure times examined.
Future irradiations will have to be conducted for longer periods to check
whether the apparent trend to decreasing oxide thickness with increasing
exposure time is real.
Small samples of SYNROC material were examined after irradiation. The
specimens were the main constituents of the basic SYNROC material; perovskite,
hollandite, zirconolite and a mixture of them. The sample of perovskite had
powdered, the hollandite and zirconolite had suffered minor damage and the
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sample of SYNROC was In good condition. The radiation levels at 50 cm from
each sample were measured and the decay of radioactivity with time recorded.
Dimensional changes of a mock-up HIFAR fuel element cone with flow
straightener fitted were measured to determine strain relaxation.
Burst testing of zirconium alloy tubing was carried out In No.2 block.
The wall thickness variations and tube profile after testing were measured.
The metal flow under the test conditions was thus determined and the true
stress at failure calculated. It was shown that the profile of the tube after
testing was a clear Indication of prior heat treatment and texture developed
during fabrication.

7. RADIOACTIVE WASTE DISPOSAL

7.1 Fabrication. Properties and Behaviour of SYNROC Minerals and Systems
[Coordinator - K.D. Reeve]
7.1.1

Introduction

In March 1979 research and development on the SYNROC concept for the
immobilisation of high level radioactive wastes commenced at Lucas Heights
under an informal collaborative agreement with Professor A.E. Ringwood.
Professor Ringwood, Director of the Research School of Earth Sciences at the
Australian National University, introduced SYNROC in July 1978, in his 'Safe
Disposal of High Level Nuclear Reactor Wastes: A New Strategy1 (Australian
National University Press, Canberra, 1978). AAEC-ANU collaboration is
concentrated on the SYNROC variant known as SYNROC B, which contains three
synthetic minerals with the following nominal composition:
Hollandite
Perovskite
Zi rconol1te

BaAl2T16016
CaT103
CaZrTi207

These three minerals are collectively capable of taking into solid solution
the isomorphous titanates of all other radwaste ions except ruthenium,
palladium, technetium, rhodium, tellurium and iodine. Of these exceptions the
first five are more likely to be present in SYNROC in the metallic state;
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Iodine should be removed during chemical processing of spent reactor fuel and
immobilised separately.
The SYNROC work at Lucas Heights consists of the following strands:
(i)

Fabrication scale-up and further development

(ii) Leach testing of specimens from (i)
(iii) Background research on SYNROC fabrication and structure
(iv) Preparation and characterisation of the individual minerals
(v)
7.1.2

Irradiation-testing of the minerals from (iv) and of SYNROC itself.

Fabrication by Hot Pressing
[E.J.

Ramm, K.6. Harder]

An early objective was to scale-up SYNROC fabrication to produce blocks
50 mm diameter or larger, and for this a modified graphite die hot-pressing
technique was chosen. Hot pressing of suitably prepared powders (see below)
is carried out at 1250 or 1330°C and a pressure of 6.9 MPa held for 3-6 h. The
present standard size pressing is 40 mm diameter but a die is being prepared
for 76 mm diameter (0.8 kg) pressings.
Other details of the method are
covered by a current patent application. The resultant blocks are 99 per cent
dense and show sharp X-ray diffraction patterns of each of the three desired
phases. The method has been used for the fabrication of undoped SYNROC for
structural studies and of SYNROC doped with 10 wt per cent of simulated
radwaste for structural studies and for leach testing of specimens cut from
the pressed blocks.
The current methods of pov/der preparation are:
(i)

For undoped SYNROC, Zr02, Ti02,
wet mixed in a 'Turbula' mixer
zirconia media. The dried cake
calcined in air at 1100-1200°C
then ball-milled in alcohol with
at 310 MPa and hot-pressed.

AlgOj, CaC03 and BaC03 powders are
or by ball-milling with stabilised
is lightly pressed at 13.8 MPa and
for 16 h. The calcined powder is
zirconia media, dried, precompacted
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(11) Simulated radwaste-doped SYNROC powder Is made along similar lines,
the simulated radwaste mixture being added before the final ballmilling. An addition of 4.7 wt per cent of nickel powder Is made at
this stage. The simulated radwaste Is made using nitrates of
caesium, cerium, strontium and nickel, and oxides of the remainder.
A nitrate slurry of the oxides is evaporated to dryness and calcined
at 500°C for 2 h. The simulated radwaste composition is:
wt % Oxide
9.31
Gd203 or Nd2()3

29.28

Eu203

0.53

FeO

9.18

Mo02

15.67

Zr02

13.70

Cs20

8.04

SrO

5.92

NiO

2.69

uo2

5.68
100.00

7.1.3 Fabrication development
[E.J. Ramm, K.6. Harder]
Cold pressing and sintering has been studied on a small scale (see 7.1.4)
and this method is now to be scaled up. To this end an existing muffle
furnace is being fitted with a through-tube and pusher device for continuous
controlled atmosphere sintering. A vacuum hot-pressing rig is being built to
streamline the hot-pressing procedure.
A National Energy Research, Development and Demonstration Grant
application has been made to purchase a hot isostatic press so that this
promising method of SYNROC fabrication can be investigated at Lucas Heights.
In the meantime, the feasibility of having several small specimens hot
isostatically pressed overseas is being investigated.
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7.1.4

Fabrication research
[J.L. Woolfrey, W.J. Buykx, D.J. Cassidy, C.E. Webb]

Early experiments showed that very high density specimens could not be
obtained by direct cold pressing and sintering of the five SYNROC constituent
oxides. Even in compacts made from partially-reacted powders, molar volume
changes caused up to 1 per cent linear growth as the SYNROC minerals formed
during sintering. Highest densities were obtained from powders which had.been
fully pre-reacted (at 1100°C or above for 16 h) to form the SYNROC minerals.
Ball milling of these powders before cold pressing and sintering further
improved the sintered density. A typical sintering result for undoped SYNROC
made this way is 98.7 per cent theoretical density with 0.25 per cent open
porosity after 16 h at 1320°C in air. There has been some indication of
over-sintering at still higher temperatures; for example 1340°C for 16 h gave
96.9 per cent theoretical density.
As noted earlier, SYNROC powders for hot-pressing are also currently made
by the same pre-reaction and ball-milling technique.
The relationship between temperature and mineral phase development during
the calcination of SYNROC powders is being studied systematically by chemical
and X-ray diffraction techniques.
It has been found that perovskite forms
first, and that some of this has to decompose at higher temperatures to form
the correct amount of zirconolite. An objective of this study is to be able
to specify, for each pov/der mix, a temperature and time of calcination to
produce some reaction and yet retain the reasonably high surface area required
for efficient densification. Two powder mixing methods are being studied;
oxide ball-milling, and coprecipitation from nitrate solution with ammonia,
followed by evaporation to dryness.
Spray-calcined powder will also be
studied in this way when it becomes available (see below).
The relationship between the composition, powder preparation method and
hot-pressing temperature, and the phase composition and microstructure of
hot-pressed SYNROC and simulated radwaste-doped SYNROC is being studied by Xray diffraction and electron microprobe analysis. The three main minerals are
found in all specimens but sometimes TiOp, AUTiOg and a 'calcium titanium
aluminate1 can be seen. The AlgOj and Ti02 contents have been reduced in an
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attempt to avoid the formation of these subsidiary phases. The locations of
the various radwaste Ions In the mineral phases are being determined.
A laboratory spray-calcination rig has been built, based on a
Pennsylvania State University design [D.M. Roy, R.R. Neurgaonkar, T.P.
O'Hollaran and R. Roy - J. Amer. Ceram. Soc., 56 (1977) 1023]. The rig has
been operated, but at present the yield of powder is only 10-20 per cent.
However, it is encouraging that the pov/der produced from a CafNOjJg slurry of
Ti02 contained a high proportion of CaTiOg (by X-ray diffraction). More
efficient pov/der collection and exhaust-gas scrubbing systems are now being
designed.
The rig will be used to produce very fine and homogeneous SYNROC
and simulated radwaste-doped SYNROC powders for fabrication development,
fabrication research and leach testing programs.
7.1.5

Mineral fabrication
[J.L.

Woolfrey, M.J. Buykx, C.E. Webb, O.J. Cassidy]

The pre-reaction and ball-milling route described above has been
established for the fabrication of high density specimens of the three main
mineral constituents of SYNROC. The conditions and results for each are given
in Table 9.
Zirconolite has been found to have a phase transformation at 1020 to
1195°C which causes microcracking of the pure material. However, zirconolite
in SYNROC normally contains approximately 3.3 wt per cent Al«03 which appears
to reduce the effect of the transformation.
Some of these specimens have been neutron-irradiated (see below).
Further neutron-irradiation tests and, later, thermophysical measurements will
be carried out on similar mineral specimens.
7.1.6

Neutron irradiation testing
[K.D. Reeve, J.L. Woolfrey]
Damage calculations

The radwaste stream from chemically reprocessed spent power reactor fuel
will contain residual amounts of various actinide (plutonium, neptunium,
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americium and curium) isotopes. When incorporated into SYNROC, they will be
fixed partly in the perovskite and partly in the zirconolite phases. Most of
these nuclides, and many of those produced in the various resultant decay
chains, emit a-particles with energies of 4-6 MeV. The stopping of these aparticles over their range of about 10 ym results in helium atom deposition
and intense localised displacement damage to the mineral lattices. Making
certain assumptions on fuel composition anc! cooling time, it cart be calculated
[Ms V. Obersby, ANU, private communication] that each gram of each of the two
minerals will receive 4.2 x 10
a-particles in 10 years of disposal life and
1.5 x 10 a-particles in 10 years. Furthermore a simple radiation damage
model indicates that each a-event results in 1500-1600 lattice displacements.
Recoil of the actinide nucleus produces about 90 per cent of these
displacements. Displacements per atom (dpa) values for 10 and 10 years
would then be 0.34 and 1.2 respectively.
1Q

C

The effects of such displacements on SYNROC properties need to be
determined by means of accelerated radiation damage tests. One technique,
which has been used overseas for a similar purpose on radioactive waste glass,
is to dope with a relatively short half-life a-emitter such as
Cm,
Cm or

238

Pu. At Lucas Heights the alternative and somewhat simpler technique of
fast neutron irradiation has been used. This introduces lattice displacements
not unlike those produced by a-particle nuclide recoil, with two differences;
no helium atoms are produced, and the range of neutrons is large, so that in
SYNROC all three mineral phases will receive about the same displacement
damage.

The limitations of neutron irradiation were accepted in order to mount a
worthwhile experiment quickly. Displacement damage for correlation with adamage effects was calculated for the neutron case, again using simple models.
Irradiation results
Four specimens each of cold pressed and sintered hollandite, perovskite
and undoped SYNROC were
in HIFAR in a fast neutron flux of
13 irradiated
p I
approximately 3.4 x 10 n cm s (> 1 MeV) for 22 days to a fast neutron
fluence of approximately 6.5 x 101Q n cm ? (> 1 MeV). Hollandite was included
as separate specimens to assist the interpretation of effects on SYNROC in the
neutron case, even though in the real case the hollandite will receive little
a-damage. Unfortunately, at the time, insufficient expertise in zirconolite
fabrication had been achieved and no zirconolite specimens were included.
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The calculated damage In all specimens In dpa units was 0.18. Comparison
on a strict dpa basis with the o-particle case and neglecting any additional
effects of helium atom deposition gave a 'SYNROC age1 of 10 000 years from
this experiment.
On post-irradiation, all specimens were intact but all showed swelling,
with an associated decrease in density, and also an increase in open porosity
(Table 10). Examination of the microstructure of the irradiated specimens
showed very minor microcracking in SYNROC which was associated only with free
TiO« in the structure. The specimens of perovskite and hollandite were
severely microcracked, particularly the hollandite.
The other main test on the irradiated specimens will be X-ray diffraction
on small samples of crushed powder to detect any tendency to loss of
crystalline structure.
Further neutron irradiation tests on all minerals and SYNROC are being
planned. These will include longer term irradiations to provide information
on damage accumulation rates.
7.1.7

Impact tests
[E.J. Ramm, K.G. Harder, J.F. Kennedy]
Introduction

The impact behaviour of SYNROC will be an important factor for hazard
analyses covering transport between fabrication and geological emplacement.
In particular, the percentage of particles below 10 ym produced from high
energy impacts should be as small as possible. As the first stage of a larger
evaluation program, the impact behaviour of simulated radwaste-doped SYNROC
has been compared with that of a similarly doped waste glass composition made
at Lucas Heights. The respective basic compositions before addition of 10 per
cent of simulated radwaste were:

49

Si02

SYNROC
-

Na20

-

B

Glass*
37.0
5.5

15.1

2°3
A1203

7.6

K20

-

5.5

ZnO

-

28.9

CaO

14.9

2.0

MgO

-

2.0

SrO

-

2.0

BaO

7.7

2.0

Ti02

60.7

-

Zr02

8.6

-

N1

0.5
100.0

-

100.0

*Equivalent to US Frit 73-1 (PNL-2625 (1978)).
Description of test
Four specimens 12.2 mm diameter were trepanned from each of two blocks,
one of SYNROC and one of glass. Their end faces were ground flat and parallel
to a height of 12.2 mm.
The punch and die arrangement was similar in principle to that described
in PNL-2625; the punch o.d. was 25.33 mm and the die i.d. was 25.40 mm. The
die was located centrally beneath a suspended free-falling weight and each
specimen was impacted at ?17 J. The crushed specimens were collected and
classified between 53 ym and 1200 ym by sieving. The minus 53 ym fractions
were further analysed by an air sedimentation 'micromerograph'.
Results

The results of this test are given in Table 11. The SYNROC particle size
was definitely coarser than for glass, but the difference below 10 ym was less
than expected. In further tests a range of SYNROC fabrication variables will
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be introduced.

8. RESEARCH CONTRACT

The Immobilisation of High Level Nuclear Reactor Wastes in Crystalline
Mineral Phases - AAEC Research Contract 78/A/15; Professor A.E. Ringwood,
Research School of Earth Sciences, Australian National University. AAEC
Liaison Officer, Dr K.D. Reeve.
NOTE
This contract is in support of SYNROC research at ANU. The following
report is printed almost verbatim from Professor Ringwood 's first annual
contract progress report to the AAEC. The names given in brackets denote ANU
staff engaged in this research.
i
8.1 Cry-, tall ography
8.1.1

Crystal structure of hollandite
[W.J. Sinclair, G.M. McLaughlin, A.E. Ringwood'J

A single crystal of the hollandite-type phase BaAlpTigO^g (approximately)
has been prepared and a refinement of its crystal structure completed. The
structure differs significantly from that previously accepted and provides a
stereochemical explanation of the manner in which hollandite is able to firmly
immobilise large cations such as Ba and Cs. A paper describing results has
been submitted to Acta Crystal 1 ographica.
8.1.2

Crystal structure of zirconolite
[CSIRO Division Min. Chem.]

The structure of zirconolite has been solved and is described in a paper
in preparation. Detailed site distribution studies of rare earths and
actinide elements are in progress. Partial support of the CSIRO for these
investigations is being provided by NERDDC contract funds.
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8.2 Distribution of Fission Products and Actinides Among SYNROC Mineral
Phases
[A.E. Ringwood, S.E. Kesson, N.G. Ware, W. Hibberson, A. Major]
Early investigations on this topic were reported by Ringwood in 'Safe
Disposal of High Level Nuclear Wastes: A New Strategy1 (Australian National
University Press, Canberra, 1978). Distribution of radwaste elements among
the minerals of SYNROC-A was measured. This waste form consisted of a mixture
of titanate and silicate minerals, crystallised from the melt.
Subsequently, modified waste forms, SYNROC-B and C were developed. They
consisted exclusively of titanate minerals and were prepared by hot pressing.
Moreover, the optimum redox conditions for preparation of these waste forms
have now been defined as being close to the Ni-NiQ oxygen fugacity buffer.
Additional studies of the distribution of radwaste elements among the minerals
of SYNROC-B and C have been carried out. The principal results follow.
8.2.1 Rare earths (REE)
Early experiments involving crystallising SYNROC-A systems from melts
indicated that REE partitioned preferentially into zirconolite rather than
perovskite.
A subsequent series of subsoildus runs with SYNROC-C-related
systems showed the reverse partition behaviour. This apparent contradiction
is attributed to the crystallisation sequence in SYNROC-A melting experiments.
In the absence of perovskite, REE readily enter zirconolite.
It is believed
that zirconolite began to crystallise earlier (i.e. at higher temperatures)
than did perovskite. These early formed zirconolites would therefore have
been rich in REE.
During the past few months the subsolidus partition behaviour of REE and
trivalent actinides in SYNROC-C-related systems has been modelled by Sm. The
value of the partition coefficient for Sm between perovskite and zirconolite
(K</ = wt per cent Sm in pvsk + wt per cent Sm in zirc.) ranges from about
l-ll, and is typically about 3-3.5. These latter preferred values were
confirmed in two simplified systems run for 1 h in Pt at 5 kb (approximately
500 MPa), 1500°C.
. CaTiOg + CaZrTi'207 + 2 per cent each La203, Sm,,03 and Y203
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. as above, plus 8 per cent Al^Oo •
The large range in observed distribution coefficients is attributed to kinetic
effects as discussed below for the case of uranium partitions.
8.2.2

Molybdenum

At Ni-NiO oxygen fugacities, molybdenum partitions as follows: rutile »
hollandite > perovskite » zirconolite. Typically only about 0.1 per cent
Mo02 enters zirconolite. This raises an interesting question in crystal
chemistry. It is important to note that molybdenum is not appreciably reduced
to the metallic state under these conditions, nor are hexavalent molybdates
formed. Evidently, molybdenum is stable as Mo
at the Ni-NiO oxygen fugacity
buffer.
8.2.3

Palladium, ruthenium, rhodium, tellurium, bismuth, antimony, sulphur

Consistent results were obtained in many experiments. When oxygen
fugacity is controlled near Ni-NiO all the above elements are reduced to the
metal, and alloy with any dispersed nickel present. At this redox state,
sulphates are reduced and react with Ni to form N1S and N12S3.
8.2.4

Technetium

Three separate mixes have been prepared and run in small Ni capsules at 5
kb, 1300°, 1 h. Technetium-99 was introduced as ammonium pertechnetate.
(175)
SYNROC-C + 5 per cent Ni, 3 per cent TcOg. Products are Ni
metal, fine rutile containing some Tc and an unidentified Ca-Ni-Al-Ti phase
containing about 3 per cent Tc02.
(180)
SYNROC-C + 5 per cent Ni, 9 per cent TcOg. (Note preparation
error - this mix contains no Zr). Fine grained products are hollandite,
perovskite, Ca-Ti-Al phase and Ni-Tc alloy (50-80 per cent Tc). Some analyses
of hollandite and perovskite report Tc (with Ni). This is believed to be due
to beam overlap onto alloy particles.
(185)
SYNROC-C* + 5 per cent Ni, 2 per cent BaO, 3 per cent
(Note SYNROC-C* is identical with SYNROC-C except A1203 - 8 per cent). No Tc
is observed in hollandite, zirconolite or perovskite. Tc signal occurs with
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Ml, suggesting Tc has formed a finely dispersed Tc-NI alloy.
Little significance is attached to the anomalous product? of mix (175).
However, (180) and more specifically (185) indicate that Tc (initially
introduced as oxide) does not readily enter SYNROC phases but forms a Tc-Ni
alloy when oxygen fugacity is near Ni-NiO. Probably the reduction of Tc
to
Tc occurs very close to the Ni-NiO potential.

8.2.5 Strontium
Strontium is strongly partitioned into perovskite. In the absence of
perovskite, strontium is partitioned into zirconolite rather than hollandite.
8.2.6 Uranium
y has been successfully synthesised.
Its powder diffraction
pattern is similar to CaZrTigOy, implying the possibility of continuous solid
solution between U and Zr end-members. In SYNROC-D formulations, zirconolites
containing more than 15 per cent UCL have been synthesised.
Uranium (and hence tetravalent actinides) appear to be preferentially
partitioned into zirconolite, although significant amounts (max. 9.6 per cent
U0«) enter perovskite on occasion. The partition behaviour was found to be
irregular and non-reproducible, with KJJQ values ranging from about 1 to 6.
This behaviour is attributed to kinetic factors. Perovskite readily nucleates
during the initial calcination of starting materials (approximately 1000°C),
whilst zirconolite nucleates more slowly, as ZrCL reacts with CaTiOg.
Equilibrium redistribution of uranium from early-formed perovskite into
zirconolite is not always achieved, leading to anomalously low partition
coefficients.

8.3 Stability Relations of Ca-Ti-Al Phases in SYNROC
[A.E. Ringwood, S.E. Kesson]
In several sets of experiments, an unidentified Ca-Ti-Al phase has
appeared. This phase can accommodate appreciable amounts of REE. Its
structure is presently unknown and the ASTM tables contain no relevant data.
Its composition appeared to be approximately CaTiJVLgOg/p Several separate
attempts to synthesise this phase confirmed its specific composition closer to
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1.3Tl3 8AUo 05°24* ** was a^so establisnec' tnat tnis phase coexists with
CaTi03, Al2Ti05 and AlgOg. Some experiments suggest that it may melt
incongruently around UOO°C and another Ca-rich Ca-Ti-Al phase may be
produced; however, this relationship has not been confirmed.
It has been demonstrated that the above phase does not coexist with
rutile. CaTi03 + AlgTiOg are produced at the expense of Ca^ 3Ti3 8A1IQ 05024
+ TiOg. This equilibrium reaction illustrates a possible mechanism for
eliminating the phase from SYNROC formulations - add more
The compatibility of this phase with a typical SYNROC hollandite is
presently being investigated. X-ray patterns show hollandite, Ti02 and
numerous other lines which do not belong to CaTiO- or Al^TiOg. The formation
of rutile implies that the Ca-Ti-Al phase does not coexist with hollandite;
however, the absence of either CaTi03 or AloTiOg is inconsistent with this
interpretation, as these phases are the likely reaction products. Further
experimental studies and microprobe investigations are presently under way.
8.4 Immobilisation of Sodium in SYNROC
[A.E. Ringwood, S.E. Kesson]
In SYNROC formulations containing Si02, Na combines to form nepheline
(NaAlSiO^). This is not the optimum phase for immobilising Na because it can
be susceptible to hydrothermal alteration at temperatures of around 400°C and
pressures of about 1000 bars. A better approach is to immobilise Na as dilute
solid solutions in the inert titanate phases of SYNROC-B and C. However, only
small amounts of Na can be immobilised in this manner. Typical Na/,0 contents
of coexisting hollandite, zirconolite and perovskite minerals in a sodiumbearing SYNROC are 1.5, 0.4, 0.5 wt per cent respectively. At higher
concentrations of Na, a new hollandite-like phase appears, which contains
about 8 per cent Na20. Neither this new phase, nor the synthetic Na endmember (NaAlTi3Og) has the hollandite structure.
In any event,
disproportionately large quantities of TiO« would be required to immobilise
small quantities of Na20 in hollandite-related phases. This would not lead to
a satisfactory industrial process.
Several other means of immobilising Na were investigated. The first,
fixing Na as NaScTiO^, proved unsuccessful. The second, fixing Na as an
g component in solid solution in CaTiO, perovskite, proved successful.
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However, a commercial waste form immobilising Na in this manner would be
expensive, owing to the high cost of Yp03.
Our present investigations concern the immobilisation of Na as an NaNbO,
component in solid solution in CaTiOg perovskite. Recent results are most
encouraging; moreover, the use of Nbp05 as an additive would not add
excessively to the cost of SYNROC production. The possibility of substituting
a pyrochlore, NaCaNb^OgF, for zirconolite is also being investigated. In all
these systems under investigation, care must be taken to keep the NbpOc/NagO
ratio high enough to prevent the formation of soluble Na-rich niobate phases,
such as N
8.5 Radiation Damage
[A.E. Ringwood, V. Oversby, W.J. Sinclair]
Concern has frequently been expressed that the ability of SYNROC to
retain radwaste will be adversely affected by accumulated radiation exposure.
By far the most important source of lattice damage in SYNROC minerals would
arise from recoil of the parent nucleus during alpha decays from actinide
elements. The host minerals for these elements are zirconolite and
perovskite.
An extensive program to evaluate the effects of alpha damage on these
minerals has commenced. A collection of natural zirconolites and perovskites
of different ages and containing different amounts of U and Th is being
assembled. The accumulated alpha damage received by these minerals can be
compared with that received by the same minerals in SYNROC containing 10 per
cent high level waste (HLW). Samples are being studied by X-ray diffraction
and analysed for U, Th and Pb by isotope dilution.
Studies to date show it requires more than a million years before the
zirconolite in SYNROC containing 10 per cent HLW would become metamict. It is
generally accepted that the radioactivity of SYNROC would have declined to
safe levels by this time. Even after zirconolite has been rendered metamict,
it is still remarkably 'tight'. Isotopic studies on metamict Sri Lanka
zirconolites, 560 million years old, show that they have remained closed
systems for U, Th and Pb decay produced over this period, despite enduring
intense radiation damage, hundreds of times greater than would be received by
SYNROC during its decay to safe levels. During their 560 million year
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existence, these natural zirconolites have been subjected to elevated
temperatures and pressures and to groundwater attack, but they have not
'leaked*. Analogous observations have been made on a Western Australian
zirconolite about 2500 million years old. The metamict Sri Lanka zirconolite
has also retained a large proportion of its radiogenic helium, one of the most
mobile of gases.
Complementary studies on natural perovskites are only just beginning;
however, it appears that this mineral is more resistant to radiation damage
than zirconolite. These results are most encouraging and provide strong
grounds for believing that radiation damage will not significantly affect the
ability of SYNROC to immobilise radwaste for the required decay period.
A summary papar has been supplied to the AAEC.
8.6 Evaluation of Transmutation Instabilities
[A.E. Ringwood, S.E. Kesson, W.J. Sinclair]
Suggestions have been made that radioactive decay (transmutations) of
some atoms to form new species may tend to destabilise the crystals in SYNROC.
This question is readily evaluated. By far the major isotopes which could be
involved are
Cs and 90Sr, which decay to barium and zirconium respectively.
In SYNROC, the caesium is partitioned into hollandite, which would
contain initially about 1.0 wt per cent of *3'Cs20. However, the caesium is
already occupying a barium site in the lattice. The decay will therefore not
induce crystal chemical stress in the lattice. Moreover, we have shown that
the hollandite structure B«>xAl2xTi'8-2x^16 t°lerates very Wlde deviations from
stoichiometry (BaAl^TigOig) with x ranging from 0.3 to 1.2, corresponding to
BaO contents of 7 to 25 per cent. Thus it is evident that the small addition
of barium (1 per cent) derived by decay from caesium can be readily
accommodated.
The perovskite phase in SYNROC would contain about 0.5 per cent of QflSrO
which decays to zirconium. However, CaZrOg already has the perovskite
structure. Thus, very small amounts of Zr produced would need to diffuse only
by one or two Angstrom units in order to find stable lattice sites. We have
found that the CaTiOg perovskite lattice displays appreciable nonstoichiometry amounting to 2-3 atomic per cent Ca on either side of the ideal
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CaTiOj composition. This is large compared to the amount of introduced Zr and
no adverse effects are anticipated. Perovskite in SYNROC formulations
normally contains up to 1 per cent of ZrO,,.
The transmutations above are accompanied by generation of excess
electrons which presumably occupy lattice defects or are excited to the
conduction band. The black colour of natural zirconolites may be caused by
this effect. When heated to 1200°C, these minerals change to a light brown
colour. The electrons can also be bound by reducing Ni ?+ to N10•
Direct evidence that transmutation does not adversely affect the
integrity of SYNROC is provided by studies of natural zirconolites which
contain up to 1.7 per cent Pb which has been derived by decay of U and
Th . The isotopic studies of Sri Lanka and Jimberlana zirconolites showed
that no leakage of lead from the structure had occurred.
8.7 Patent
The following patent was applied for during the contract period:
Australian Patent Application 48708/79, Final Specification 'Treatment of High
Level Nuclear Reactor Wastes'. Based on Provisional Applications PD 5096
(14/7/78) and (17/11/78) respectively. Inventor: A.E. Ringwood, patent
assigned to Australian National University. Copies previously supplied to
AAEC.
Patents for this invention applied for in USA, Canada, Japan, Austria,
Belgium, West Germany, France, Italy, Netherlands, Sweden, Swit7orland and the
United Kingdom.
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TABLE 1
CORE CENTRE-LINE FLUX DENSITY —

HIFAR
Program.

247

248

249

Fuel
Element
Scanned

Dl

D5

C3

CCA
Angle
Degrees

19.96

X 170

Relative Flux Density
Fuel
Element

Centre
Fuel Pin

84.5

20.48

19.0

22.27

18.45

25.5

21.55

18.77

95.2

21.49

20.8

22.76

21.35

19.65
20.96

26.4

29.9

116
21.5
28.25

22.96
27.39

Outside
Pressure Vessel

21.7
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TABLE 2
RELATIVE AXIAL FLUX DENSITY X 170
Fuel Pin

Outside P.V.

Pellet

CCA° — 23.0°

N timbers

Bel . Flux Fraction
(12) = 1

HIFAR PROGrAM 249

Centre Dummy Fuel Pin
CCA° —

'

Rel. Flux Fraction
(12) = 1

CCA° — 27.4°
Rel. Flux

Fraction
(12) = 1

1

24.1

0.851

2

24.7

0.873

3

25.4

0.898

4

25.9

0.915

5

26.4

0.933

20.2

0.935

20.2

0.935

6

26.8

0.947

20.4

0.944

20.4

0.944

7

27.2

0.961

20.7

0.958

20.7

0.958

8

27.6

0.975

21.0

0.972

21.0

0.972

9

27.9

0.986

21.3

0.986

21.3

0.986

10

28.2

0.996

21.5

0.995

21.5

0.995

11

28.3

1.0

21.5

0.995

21.5

0.995

12

28.3

1.0

21.6

1.0

21.6

1.0

13

28.25

0.998

21.6

1.0

21.6

1.0

14

28.0

0.989

21.3

0.986

21.55

0.998

15

27.6

0.975

21.1

0.977

21.5

0.995

16

27.1

0.958

20.7

0.958

21.4

0.991

17

26.6

0.940

20.2

0.935

21.25

0.984

18

26.1

0.922

20.0

0.926

21.0

0.972

19

25.6

0.905

19.5

0.903

20.7

0.958

20

25.0

0.883

18.9

0.875

20.3

0.940

21

24.5

0.866

18.2

0.843

19.8

0.917

22

23.9

0.845

17.5

0.810

19.3

0.894

23

23.1

0.816

16.6

0.769

18.7

0.866

24

22.2

0.784

15.6

0.722

17.8

0.824

25

20.7

0.731

14.3

0.662

16.8

0.778
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TABLE 3
INTERSTITIAL CARBON AND NITROGEN CONTENTS (mg L"1)
AS DETERMINED BY INTERNAL FRICTION

Material

Interstitial Content {mg L"1)
Carbon

Fe - standard
(mild steel)

Nitrogen

122

3

Zone refined Fe

56

9

Johnson Matthey Fe

27

159

Electrolytic iron

3

59

Fe - 0.15 Cu

5

47

Fe - 0.3 Cu

3

52

TABLE 4
DETAILS OF AMPOULES
850°C

Ampoule Content

900°C

Change in
No. Time Pressure Diameter
(Atm)
(mm)
(h)

Time Pressure
(Atm)
(h)

1200°C

Change in
Diameter
(mm)

Time Pressure
(Atm)
(h)

Change in
Diameter
(mm)

Zinc Iodide

5

3763

8.8

+ 0.01 ± 0.02 5879

9.2

+ 0.15 ± 0.02

16

11.5

+ 1.74 ± 0.14

Cobalt Iodide

5

3763

6.5

+ 0.08 ± 0.01 5879

6.8

+ 0.05 ± 0.03

16

8.5

+ 0.90 ± 0.12

Zinc Iodide

5

2300

8.8

- 0.02 ± 0.03 5879

9.2

+ 0.19 ± 0.06

16

11.5

+ 2.09 ± 0.32

Cobalt Iodide

5

2300

6.5

- 0.01 ± 0.02 5879

6.8

+ 0.10 ± 0.06

16

8.5

+ 0.93 ± 0.11

Zinc Iodide

5

2170

12.5

13.1

+ 0.15 ± 0.03

16

16.4

+ 1.75 ± 0.19

+ 0.02 ± 0.03

5879

O'

Cobalt Iodide

4

2170

12.5

+ 0.01 ± 0.03

5879

13.1

+ 0.15 ± 0.04

16

16.4

+ 2.09 ± O.C6

I H•
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TABLE 5
ROOM TEMPERATURE TENSILE TEST OF AISI 310 STAINLESS STEEL
AFTER 10 000 HOURS AT 850-900°C

;

1
Material : Temp.

'
!

AISI 310

'

'.

RT

Time

Tensile
Strength

Yield
Reduct .
Strength in Area Elong.

620 MPa

270 MPa

60

50

550 MPa

385 MPa

6

4

1

AISI 310 ! 850-900°C
:

10 000 h

1

'

TABLE 6
ACTIVE CAPSULES

Capsule

Content

Temperature

Time

Comment

1
1A

j

416

65

850°C

400 h

Intact

65

850°C

400 h

Intact

ZnI2

t

2A

358

K"-

3A
«A

ZnI2

| 72 60CoIo

!i
'
!

yc

| 72 60CoI2

1

850°C

400 h

Not tested
Intact
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TABLE 7
CAPSULE EVALUATION TESTS

Capsule

1

Heat
Treatment

Thermal
Shock

/

/

Vibration

Puncture

*

3
4

External
Pressure

Impact

/
/

/

/

5

/

/

/

6

/

/

/

7

/

/

/

'

8

^
9

/

10

V-

'

•^

'

Tested but not in accordance with specification.

TABLE 8
OXIDE THICKNESS MEASURED ON HIFAR FUEL ELEMENT CLADDING

Sample Number of Position
in rig
Identity Specimens X-183/7

Oxide Thickness
Time in Number of
(ym)
D2O
Measurements
(h)
Min. Max. Mean

Ref.

1

-

Nil

140

1

7

2.2

1

3

A

190

1050

5

33

13.1

2

3

C

389

1050

2

28

12.7

3

3

E

647

1050

3

28

10.4

Al

3

C

695

1050

1

15

6.2

A2

3

D

695

1050

1

21

7.7
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TABLE 9
FABRICATION CONDITIONS AND PROPERTIES OF SYNROC MINERALS

Density
% Theoretical

Mineral

Calcination
Conditions

Sintering
Conditions

Open Porosity
%

Perovskite

1100°C, 16 h

1260°C, 16 h

99.9

0.1

Zirconolite

1200°C, 16 h

1420°C, 16 h

99.2

0.0

Holland! te

1200°C, 16 h

1300°C, 16 h

98.5

1.0

TABLE 10
AVERAGE CHANGE IN DIMENSIONAL DENSITY AND OPEN POROSITY
IN IRRADIATED SYNROC AND SYNROC MINERALS
I

! % Change
1

SYNROC

'

Perovskite

Holland! te

| Density

- 1.54

:

- 1.84

- 0.88

1 Open porosity

+ 0.13

!

+ 1.05

+ 3.06

| Length

+ 0.56

;

+ 0.88

+ 0.48

TABLE 11
SIZE FRACTIONS (%) AFTER 217 J IMPACT

Minus 1200 ym

Minus 590 ym

Minus k'97 ym

Minus 127 ym

Mean*

S.D.

Mean*

S.D.

Mean*

S.D.

Mean*

S.D.

Mean*

Glass

93.9

0.17

81.5

0.94

68.0

0.99

40.2

0.92

SYNRQC

72.7

3.26

50.1

4.55

36.1

3.52

17.5

2.27

Material

* Four specimens

Minus

Minus

S.D.

20 ym

10 ym

16.1

0.42

8.6

4.5

3.7

0.99

2.6

1.9

Minus 53 ym

cr>
oo
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9

10

11

12

13

14

2

TEMPERATURE, °C X 10 (60 min )

Figure 1.

Logarithm of grain size versus solution treatment temperature
Inset. Logarithm of grain size for MAR 400 versus time at"lOOO°C
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1. INTRODUCTION

A review of the Research Establishment and its programs was conducted
during the year by a Committee of the National Energy Research, Development
and Demonstration Council on behalf of the Minister for National Development.
A number of papers were prepared for the committee outlining the objectives
and logic behind the research program. The terms of reference of the review
included not only the nuclear work, but an assessment of the possibility of
undertaking non-nuclear energy studies.
The conclusions and recommendations of the NERDDC Review Committee of
significance to Physics Division's program include, in summarised form:
. A reduction in the range and scope of nuclear fission reactor
research,
. no significant increase in expenditure on thermonuclear fusion
research, and
. a diversification into non-nuclear energy research and development,
with an emphasis on energy technology.
As projected in the previous Progress Report (PR45), increasing emphasis
will be placed on the front end of the nuclear fuel cycle, the environment and
new alternative energy studies.
The main thrust of the Division's nuclear energy work has continued to be
reactor safety, both in the analysis of loss-of-coolant accidents and in
transient heat transfer in self-terminating transients. We have continued to
participate in the OECD-NEA Emergency Core Cooling standard problems, much of
this year's effort being devoted to standard problem 7, the reflood problem.
The development of the NAIAD code and its comparison with other codes and
methods, and the availability of well-defined and documented problems, have
provided physical insight into safety problems in these areas.
Staff seconded to universities and also working within the Division have
continued to work towards a collaborative plasma physics and fusion program
and have produced useful ideas for future work. Other staff were seconded to
the Reactors Department to provide specialised assistance and support to the
design and costing study of a new research reactor, (although, subsequently,

the recommendations of the NERDDC report favoured refurbishment of HIFAR over
replacement by a new reactor).
The search continued for areas where both recognised and developed
nuclear techniques and possible future developments could be applied to
analytical problems, particularly energy-related problems. A good working
arrangement has been developed; several groups are working in the solar
energy field, with special reference *o the use of ion implantation and laser
annealing technologies. Proposals have been developed to extend this work.

2. REACTOR STUDIES

2.1 Moata Operations
[D.J. Wilson]
The reactor operated for 350 hours, with a total energy production of
22.5 MWh. Uranium ore assay and neutron radiography remained the staple uses,
but other applications involving other Divisions and university workers
included:
- Study of cell repair mechanisms following radiation damage,
- Bioassay of uranium miners, with comparative studies of hair, blood
and urine analyses,
- Study of inhalation and ingest ion properties of yellowcake and its
intermediate uranium compounds, and
- Study of intracellular uranium deposition in conjunction with
electron microscopy examination.
2.2 Soil Moisture Studies
[D.J. Wilson]
Calculations have been completed to determine how the density, absorption
cross section and scattering cross section of soil affect the interpretation
of neutron moisture meter measurements.

Good agreement has been obtained between the calculations and a wide
selection of published measurements, confirming the belief that many of the
difficulties and apparent anomalies reported in this field can be largely
eliminated by including the above parameters in sufficient detail.
If accuracies of ± 5 per cent are satisfactory, the variation of
scattering cross section can be ignored as its range of variability is only
some 10 per cent in soils. Resonance capture affects the neutron moisture
meter response only when elements exhibiting significant resonance capture
(e.g. rare earths, cobalt, manganese, zinc, etc.) are present in the soil in
quantities which would be reflected in a high thermal cross section.
The main variables then are the water density, matrix density and thermal
absorption cross section. In general, the response to these variants is not
simple but varies sufficiently slowly to make a simple polynomial a practical
method of interpolation.
2.3 Fuel Cycle Studies
2.3.1

Discharge fuel compositions for SYNROC studies
[6.S. Robinson]

A knowledge of the composition of fuel discharged from various reactor
types is, important in studies of the behaviour of SYNROC. The most important
data concern the concentrations of the higher actinides whose o-decay causes
damage to the material containing them. Published results show quite large
variations in the concentrations of these nuclides.
Studies of discharge compositions have been made with the AUS system
using ENDF/B-IV cross section data for the more important nuclides, but
9/L9m
9ZL9
9A*^
9AR
representing the four minor actinides
Am,
Cm,
Cm and
Cm, by
thermal cross sections and resonance integrals from BNL325, 3rd edition.
Results for calculations of LWRs presented in Table 1 show reasonable
agreement with NEACRP/L213 for the more important isotopes, but poor agreement
with the other results based on earlier cross section data and flux spectrum
representation methods. The results were found to be quite dependent on the
assumed burn-up. The study was also extended to Pu recycle in LWRs and to
fast reactors.

2.3.2

Neutron exposure in SYNROC
[B. McGregor]

The exposure of SYNROC to fast neutrons arising from spontaneous fission
and (o,n) reactions in waste was calculated. The exposure was found to be
insignificant, with an exposure of 10 s in HIFAR equivalent to the neutron
exposure received by SYNROC in 10 y.
2.4 New Research Reactor
[6.S. Robinson]
As a consequence of the proposed US policy of restricting uranium
enrichment, reactor physics survey studies for a new AAEC research reactor
have been made for a range of enrichments. The systems studied were light
water moderated, with aluminium clad, uranium-aluminium fuel plates. The
results obtained can be combined with thermal-hydraulic analyses to assess the
performance potential of the systems studied. The calculations described
below were part of the authorised design and costing study. (Subsequent to
this study the NERDDC Review Committee recommended against proceeding with the
replacement reactor at this time.)
The calculations were performed in more detail than was appropriate to a
general survey, to enable the following to be determined:
(i) the extent to which the requirements for the proposed new reactor
could be met with various enrichments, and
(ii) the core size, power level and fuel consumption rate necessary to
best meet those requirements, and hence enable the relative fuel
cycle costs associated with various fuel enrichments to be assessed.
The calculations took the French SILOE reactor as a reference base, and
the parameters used in the study were thus variations on the parameters of a
SILOE fuel element. First, a four-parameter survey (uranium enrichment,
uranium weight per cent in the fuel meat,
U loading per fuel plate and
water gap between fuel plates) was conducted under a number of assumptions,
then the effects of the more important of these assumptions were investigated,
and some additional information calculated for particular systems.

The results of the survey have been published in sufficient detail to
enable ready comparison with the results of similar surveys conducted
elsewhere. The results obtained do not, in themselves, allow quantitative
conclusions to be drawn on the relative merits of the various systems.
Further work on thermohydraulics, for example, would be required, but the
qualitative conclusions were:
(i) Low enrichment fuels would not cause large reductions in the
achievable flux levels.
(ii) Intermediate enrichment fuel (approx. 45 per cent
U) could
OOC
satisfactorily replace highly enriched (approx. 90 per cent
U)
material, with little penalty in performance or fuel consumption, by
increasing the uranium loading in fuel plates to the current limit
of proven technology (i.e. 40 to 45% U by weight).
(iii) At enrichments lower than 20 per cent and with current fuel
technology, severe fuel costs and performance penalties would be
increased even if the lower available reactivity could provide a
practical system.
2.5 Alternative Neutron Sources
[W. Gemmell]
The research reactor HIFAR is used mainly for isotope production,
material irradiation and neutron beam studies. The maximum flux of 2 x 10
neutrons cm ? s ? is an order of magnitude less than that available in the
best high flux research reactors overseas and represents an uneasy compromise
between intensity and cost. Thus, there is an unfulfilled demand for higher
fluxes, in particular higher peak fluxes for neutron beam work, higher fast
neutron fluxes for materials damage research (fusion and fast reactors) and
higher steady-state fluxes for isotope production. The age of HIFAR and the
increasing obsolescence of much of its instrumentation have led to a reactor
design study for its replacement. The question of a replacement has been
complicated, in particular, by proposed international restrictions on fuel
enrichment and social concern at siting in an urban area.
The design specification is comparable with, but slightly in excess of,
those currently available - undoubtedly a result of capital restraints. It

was thought appropriate to examine possible alternatives to the reactor
proposal which would provide facilities for isotope production, material
irradiation and neutron beams, similar to those in the proposed research
reactor and yet offer the prospect of future development and new research
horizons. Furthermore, these fields are not static: there is growing
interest in proton-rich radioisotopes produced by charged particle
irradiation, in material irradiation damage by other than thermal neutrons and
in neutron beams with both subthermal ('cold' and 'ultra-cold') energies and
higher beam intensities and lower backgrounds. Advances in accelerator
technology and developments in fusion devices have made such achievements
possible and within reach of Australia. Additionally, the intriguing concept
of fissile material production by either high powered accelerators or fusionfission hybrids is making considerable progress.
The alternatives considered were the pulsed spallation source, the dense
plasma focus source and the D-T source based on low voltage, high current
accelerators being developed for fusion irradiation work. A higher neutron
yield per unit energy favours these devices, even when the efficiency of the
process is taken into account.
Although the technology of fission reactors is well proved and relatively
simple, it is not necessarily the best choice. The future direction of
nuclear research at Lucas Heights would be determined for many years ahead by
such a decision and it is suggested that the arguments for and against each
concept be taken into account if a decision to proceed with a major new
facility is taken. All alternatives can be developed to provide fluxes,
irradiation volumes and beams comparable with the research reactor. The
magnitude of the engineering task is not underestimated and it is accepted
that design of the target and the removal of heat from the energy deposited
are tasks similar in scope to reactor core design. In spite of this, the
study showed that the spallation source merits serious consideration, with its
advantages for beam work, proton rich isotopes and development and research
potential.

2.6 Reactor Safety
2.6.1

LOCA analysis
Supersonic flow capability
[W.J. Turner, M.T. Rainbow, G.D. Trimble]

The NAIAD finite difference scheme has been modified to enable stable
simulation of supersonic as well as subsonic trans-phase flow. This has been
achieved by varying the number of finite difference conservation equations
solved for each finite difference segment, in such a way that the number of
equations is always equal to the number of sonic characteristics directed out
of the segment. Two mass or momentum equations are obtained when required in
a similar way to that used in the NAIAD code to obtain the energy equation.!
The use of additional equations has the physically correct result that
the calculated fluid behaviour in, and upstream of, a region of supersonic
flow does not depend on the downstream boundary condition. However, the
calculated supersonic flow persists even if the downstream boundary pressure
is raised well above the level at which it is known, on physical grounds, that
the supersonic flow should not be present. That the calculated result is
physically impossible is confirmed by examination of the calculated entropies:
an entropy decrease is occurring. This was the position reached at the last
progress report. Since then, a method has been developed and partly tested,
which overcomes this difficulty. From Table 2, it follows that for a segment
in which a transition from supersonic to subsonic flow occurs, no momentum
conservation equation is solved. Thus the irreversible losses in a super- to
subsonic shock are determined by the downstream boundary condition. The
method we have now incorporated in NAIAD is to calculate these irreversible
losses by taking as known the calculated fluid conditions at each end of the
segment at the start and end of the time step, then using the finite
difference momentum conservation equation to determine the losses. If these
losses are positive, then non-use of the momentum equation in the next time
step advance continues. If, however, the losses become negative, then the
super- to subsonic shock can no longer exist and at the next time step the
momentum equation for the segment is used. This is continued until the
upstream node returns to subsonic flow. This method gives physically
realistic results provided the change in area from one node to the next is
less than about 20 per cent.
1. Trimble, G.D. and Turner, W.J. [1974] - AAEC/378
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Reflood
[W.J. Turner, G.D. Trimble]
The OECD-NEA Emergency Core Cooling standard problem 7 is a reflood
problem sponsored by CEA, France. In this experiment a hot vacuum-insulated
vertical Inconel tube is filled with sub-cooled water. All simulations were
done before the experimental results became available.
The calculations of all participants and the experimental results are
compared in Table 3. None of the calculations appears to be satisfactory and
much work remains to achieve a detailed quantitative understanding of reflood.
The NAIAD code had not been used previously for reflood problems. The
required physical models were formulated and incorporated for calculating the
velocity and position of the rewet front, surface heat transfer and the extent
of steam superheating at the channel exit. This reflood model was tested on a
series of 34 reflood experiments. The calculated and measured quench times
are shown in Table 4. The agreement is reasonable, considering the paucity of
information on losses from the rig which were of comparable magnitude to the
heat transfer to the coolant.
CSNI Numerical standard problem 1
[W.J. Turner, G.D. Trimble]
Solutions to CSNI standard problems differ for two reasons: first,
different physical models may be used; second, different numerical techniques
may be applied. The numerical standard problem project has been initiated to
evaluate the effect of the latter. The problem is to solve the onedimensional, partial differential equations of conservation of mass, momentum
and energy during a severe power transient. The physical models required are
completely specified so that any differences in solution will be due solely to
numerical methods.

1. Dernaz, R. and Tillier, N. [1975] - Draft CSNI Report N55 'Comparison
Report on OECD-CSNI LOCA Standard Problem No.7.
2. Andreoni, D., Courtaud, M. and Deranz, R. [1974] - European Two-Phase Flow
Meeting, Harwell, 3 June.
3. Turner, W.J. and Trimble, G.D. [1979] - 18th Congress IAHR, Cagliari.

The geometry Is a vertical, uniform diameter pipe, length 7.316 m. At
time zero, the power is zero, the pipe is full of liquid and the pressure
varies linearly with height. The power remains zero over the first two
seconds, during which time the flow (Figure 1) rises to the steady-state level
corresponding to the constant inlet and outlet pressures. Over the 5 ms after
2 s, the power rises to 18 kW/m for the section between 2.69 and 5.971 m from
the inlet, and remains constant thereafter. This rapid power rise initiates
the open-ended organ pipe oscillations shown in Figure 2. At 2.3 s boiling
begins. The resulting rapid expansion forces coolant out at both inlet and
outlet. By about 2.8 s all liquid above the heater is expelled and classical
parallel-channel oscillations set in. The channel is unstable and the
oscillations diverge to the extent that flow reversal occurs at the inlet.
The variation of quality (Figure 3) shows the diverging oscillations clearly.
Details of the calculation will be included in the CSNI report on the
problem.
Reactor kinetics
[A.W. Dalton, G.O. Trimble]
In order to continue with the simulation studies of HIFAR transients,
work has begun on the inclusion of fuel and surface heat transfer models in
the nonequilibrium code NAIAD. In this code each phase is assumed to be in
thermodynamic equilibrium with itself but not with the other. The vapour is
assumed to be saturated; the liquid may become supersaturated and vaporise at
a rate which is proportional to the departure of the liquid temperature from
its saturated value. To date, both fuel and heat transfer models have been
incorporated into the code.
2.6.2

Reactor power transients
[J.W. Connolly]

Work is in progress to extend the present understanding of selfterminating power transients in liquid cooled reactors into the period
following the initial power burst. In this time interval, interest lies with
the dynamics of steam formation, transient pressures, liquid flows and the
integrity of fuel element structures at elevated temperatures. The particular
1. Turner, W.J. and Trimble, G.D. [1978] - Physics Division Progress Report
PR44-PD, p.6.
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aim of this work is to determine the magnitude of possible core damage
occasioned by uncontrolled power transients in both HIFAR and the projected
new research reactor.
Previous analyses of SPERT transient data have made it clear that steam
void generation does not play a dominant role in the termination of many
transients for which saturation temperatures are exceeded before the peak of
the power burst. Because saturation temperature of the coolant is attained
only in regions close to the fuel cladding, the logical explanation of this
behaviour is that steam voids are rapidly condensed by sub-cooled water a
short distance away from the cladding. A model was thus sought to test this
hypothesis.
Because an analytical solution is available for the temperature
distribution in the coolant prior to boiling, it was assumed that the whole
water channel could be replaced by a water layer of the same temperature as
the fuel plate and the same enthalpy as the actual water channel. Integration
of the temperature profile then gives, for the effective width of this layer:

'"eff

=

where k = thermal conductivity of water (J cm °C s ), p^Co = specific
heat of water (J cm"3 "C"1), aQ = initial inverse reactor period (s )•
The Fuchs-Nordheim equation can then be extended into a two-zone
representation for non-boiling transients.
P C L
p C L
I d P - b,. j
111
j rEh b j
2 2 eff
I
P- dt - V l( PlClL1+p2C2Leff ( - 2 j P^L^CgL^ j '

where bj = energy coefficient of reactivity from fuel plate expansion, b« =
energy coefficient of reactivity from water channel expansion and neutron
spectrum effects, P = reactor power, E = reactor energy release, L, =
thickness of fuel plate, pC = specific heat of fuel plate (J cm 3 °C 1 ).
For transients in which the saturation temperature of the coolant is
exceeded, it was assumed that:

11
-eff

L

eff E / E s

and the Fuchs-Nordheim equation can then be written as:
P C L
1 dP _ b , j
1 11
V dt - V l (p1C1L1+P2C2LeffE/Es

__p2C2LeffE/Es

') ,_

where ag = inverse period of the reactor when saturation temperature is
reached, E = energy release at the instant when saturation temperature is
reached.
•

This equation reduces to a quadratic equation for E = Ef , the energy
release at the time of peak power, and its solution gives good agreement with
experimental data for a wide range of SPERT experiments, except for two cores,
D12 and BD22, where a sharp break between experiment and calculation is
attributed to the appearance of a significant void fraction. On the basis of
the above model, it appears that the growth of steam voidage is correlated
with the size of the effective water layer; the physical basis is probably
that a certain thickness of supersaturated water is necessary to allow steam
void growth to outrun condensation and possibly a situation where a two-phase
flow upwards occurs between the fuel plate and the sub-cooled water in the
centre of the channel.
The hypothesis that the early stage of boiling involves only an extension
of the size of the water layer at the same temperature as the fuel plate
surface was supported when the above model was used to calculate water
displacement by expansion for experiments reported in the 1961 Annual Summary
Report, Kinetic studies of heterogeneous water reactors, STL6112. In these
experiments a simulated SPERT fuel plate was subjected to an exponentially
rising heating current and the water displaced (void volume) from the test
cell measured. Figure 4 shows that the model gives quite good agreement with
experiment without invoking steam void formation. The column headed
'Initiating Temperature' refers to the temperature at which 'boiling' is
assumed to have commenced to give the best fit to the data.
A re-examination of the core physics of SPERT core BD22/24 has enabled
agreement with measured core reactivity coefficients to be obtained, although
the critical mass discrepancy remains. Use of appropriate calculated
reactivity coefficients in ZAPP has enabled good agreement to be obtained with
measured transient data. This reinforces the belief that the calculated
transient behaviour of HIFAR, which is very similar to BD22/24, is sound. As
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a further check, an independent and more exact calculation of reactivity
coefficients for HIFAR has been made by Robinson and Harrington. Their
results are in substantive agreement with the earlier calculation.
2.7 Reactor Codes Development
2.7.1

AUS module POW3D

[J.M. Barry (Applied Mathematics and Computing Division), J.P. Pollard,
B.V. Harrington]
Work has continued on the three-dimensional diffusion theory code POW3D,
which is based on a finite difference approximation to the group diffusion
equation in (x,y,z) geometry. Ot/.er geometries are available for twodimensional or one-dimensional studies where POW3D will eventually replace
POW. In steady-state and search calculations of two-dimensional systems,
POW3D continues to show an improvement over POW. Simple kinetics features
available in POW are being incorporated into POW3D, and are currently under
test.
Attention has been devoted to testing the incomplete Choleski
decomposition variant of the conjugate gradient method (ICCG) in the innermost
routines of POW3D. Previous experience with ICCG had been restricted to
generalised FORTRAN routines suitable for investigating two-dimensional
geometries. Separate algorithms were developed, implemented and tested for
efficient solution of two- and three-dimensional geometries. Considerable
overhead with ICCG is involved with data transfer when compared with the two
alternate methods offered by the code (SLOR - successive line .overrelaxation
and MINI - niethod of Implicit jion-stationary Iteration). Particular care was
taken to ensure that the available core was used to its full advantage.
Preliminary testing indicates ICCG may be slightly superior to MINI in some
problems in use of machine time, but the additional use of disk storage
required by ICCG tends to suggest that an ICCG solution will actually take
longer to pass through the computer.
Besides solving the spatial system of linear equations in an efficient
manner, MINI has tremendous potential for accelerating convergence in an
energy group sense, as Table 5 shows for an eight-energy group solution for
the reactor Moata. Energy group convergence can only be accelerated by Gauss
Seidel (GS) or the MINI method (ICC6 cannot be used here); this example shows
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the usual advantage of the energy group rebalance process being lost due to
the excellent performance of MINI.
2.7.2

Preparation of group cross section library
[6.S. Robinson]

The methods used to generate the AUS multigroup cross section library
from ENDF/B data files have been thoroughly revised. Some investigations have
also been made of the effect of changing the group boundaries in the library.
This work was performed to provide improved methods for generating an ENDF/B-V
based library. This cannot, however, proceed at present because most ENDF/B-V
data have been restricted to release in the United States and Canada only.
The XLACS II code has been obtained from Oak Ridge National Laboratory to
replace SUPERTOG as the method of generating those data to which a resonance
subgroup treatment is not applied. The XLACS II code may be considered an
amalgam of a much improved SUPERTOG code with a version of the FLANGE II code
for the treatment of thermal scattering data. This is most desirable for
automated library generation. Unfortunately, the thermal scattering treatment
was quite inadequate for the generation of libraries in the AUS group
structure, its chief deficiency being the method of joining of thermal and
epithermal data. This deficiency was compounded by the use of a single point
per group in integrations to form the group scattering matrix and resulted in
large discontinuities in the calculated epithermal flux.
The FLANGE II section of the code had to be virtually re-written to
remedy these problems. Some of the major changes made were:
(a) For a free gas the numerical integration in a over S(<X,B) was
replaced by analytic expressions for ff (E->E') which remain
accurate at energies up to 100 eV. Free gas formulae are used to
join smoothly onto si owing-down scattering data. The use of free
gas for large o at tabulated 3 values was also included.
(b) The construction of a fine o mesh to perform the o integration over
tabulated S(O,B) data was replaced by use of the a points in the
tabulation.
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(c) Calculation of the total scattering cross section and the scatter
matrix were combined. Both calculations then used the input e mesh
in a similar way to that previously used only for the total
scattering evaluation, so that, effectively, the single integration
point in the sink group has been replaced by a proper 0 integration.
(d) The use of only tabulated e mesh points enabled the calculation of a
moments for each complete a panel to be evaluated once and used at
all source energies.
(e) The number of source mesh points per group was increased from 1 to a
number varying between 3 and 8 depending on the group width.
These changes resulted in a code which produces thermal data joining
smoothly onto the si owing-down data and does not require an ultra-fine group
structure to obtain accurate results. The execution time of the code was
reduced because the increased number of energy points used was more than
compensated by the improvements (a) to (d) above.
A number of improvements were made to the resonance programs employed in
the generation of subgroup constants. In the calculation of point cross
sections from resolved resonance parameters, the treatment of distant levels
was changed to a method in which a distant level term is evaluated at very few
mesh points, and linear interpolation used in between. The resulting
improvement was most noticeable for multi-level Breit-Wigner parameters. A new
treatment of the unresolved resonance region has been added. This is of the
type in which a ladder of pseudo-resonances is generated and treated similarly
to resolved resonances. This treatment works directly from the ENDF/B file
and may be summarised as follows. For each energy group, the required ladder
is selected by choosing a ladder of resonances from the appopriate parameter
distributions, comparing the resulting infinitely dilute cross sections with
group cross sections evaluated directly, and continuing the process through a
number of ladders until a satisfactory one is obtained.
The 128-group library structure currently in use was thought to be not
completely satisfactory. One particular point was the use of 0.1 lethargy
width groups poo
between 10 and 3 eV which resulted in splitting of the 6.67 eV

resonance in
U. This has been investigated by generating a special purpose
resonance library with group widths of 0.25 lethargy down to 3 eV and making
comparisons with the available set of numerical slowing down and Monte Carlo
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results.

A small but definite improvement in the

there was a worsening of the overlap effects of
wider goups seem preferable.

poo
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U capture occurred, but

U on

?3h
3

U. On balance, the

2.7.3 Shielding handbook
[B. McGregor, I. Donnelly]
A shielding handbook has been prepared containing a brief description of
the cross section data libraries and the transport codes currently available
for shielding calculations at Lucas Heights, and a summary of our experience
with them. The information given should assist choice of the appropriate
cross section data and transport code for a given shielding calculation, and
accurate use of the chosen technique.

3. NEUTRON PHYSICS

3.1 Neutron Capture Studies in Collaboration with OREL
3.1.1 Resonance neutron capture in ^°Fe
[B.J. Allen, R.L. Macklin (Oak Ridge National Laboratory)]
The resonance neutron capture cross section of 58Fe has been measured at
the Oak Ridge Electron Linear Accelerator (ORELA) with 0.2 per cent energy
resolution from 2.5 to 200 keV. Large corrections for scattered neutrons are
required for the s-wave resonances which prohibit a study of correlation
effects. The average s- and p-wave radiation widths are <ry(s)> = 0.9 ± 0.1
and <gFy(p)> = 0.58 ± 0.06. Many new t > 0 resonances are observed which have
not been previously seen in transmission measurements. The Maxwellian
averaged capture cross section at kT = 30 keV is 15.7 ± 1.5 mb.
3.1.2

Resonance neutron capture in

Rfi

Sr and

87

Sr

[G. Hicks (James Cook University, Queensland), B.J. Allen, A.R. Musgrove,
R. L. Macklin (Oak Ridge National Laboratory)]
ftfi
Resonance parameter analysis in the energy range 3 to 37 keV in
Sr, and
3 to 14 keV in
Sr has been completed. Average resonance parameters are
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given in Table 6.
3.1.3

Resonance neutron cajture In

Pb

[A.R. Musgrove, R.L. Macklin (Oak Ridge National Laboratory)]
High resolution neutron transmission and differential scattering
measurements from ORNL have recently been analysed by D.J. Horen et al. to
provide resonance neutron widths, as well as many a and 0 assignments, Tor
over 200 resonances below 600 keV. These data have been used here to analyse
the ORELA neutron capture data of R.L. Macklin over the same energy range.
Above 300 keV the transmission data yielded almost three times as many
resonances as the capture data, so above that energy no attempt was made to
correlate the capture peaks with those reported in transmission. Undoubtedly
several of the peaks seen in capture are multiplets.
The 206Pb data (Table 7) now comprise the most complete set of resonance
parameter information, particularly for p- and d-wave interactions, and
present an unequalled opportunity to study the possibility of common doorway
states in capture and transmission, El and Ml valence effects and the
existence of a giant Ml resonance. However, although several doorway states
were identified in the total cross section, there was no evidence that they
carried unusual capture strength. Also, no evidence for significant
correlations between the reduced neutron widths and the radiative widths for
any &,J sequence was found.
Table 8 lists average resonance parameter information and the 30 keV
Maxwellian average cross section which are relevant to calculations of the
termination of the s-process of nucleosynthesis.

1. Horen, D.J., Harvey, w.A. and Hill, N.W. - Study of
E > 25-600 keV. Phys. Rev. (to be published)

206Pb+n
r
resonances for
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3.2 Neutron Cap«.ure Studies at Lucas Heights
3.2.1

Radiative widths of some neutron scattering resonances

[B.J. Allen, D.D. Cohen (AINSE), F.Z. Company (Ph.D student, University
of Wollongong)]
1Q

Moxon-Rae measurements of neutron scattering resonances in F (27, 49
keV), 24Mg (83 keV), 27Ai (35 keV), 56Fe (27 keV) and 207Pb (41 keV) have been
completed. Results have been analysed using Monte Carlo methods to calculate
the expected line shape, and fitting this shape to the observed resonance Yray yield. Previous measurements have been distorted by substantial prompt
background effects arising from resonance scattered neutrons and, in some
cases., e.g. the 27 keV resonance in Fe, published results vary by a factor
of two. In general, the Moxon-Rae results, which eliminate prompt background
contributions by time-of-flight discrimination of scattered neutrons, favour
lower values.
3.2.2

Branching ratio of 176Lu at astrophysical energies

[B.J. Allen, G.C. Lowenthal (Instrumentation and Control Division), J.R.
de Laeter (Western Australian Institute of Technology)]
The branching ratio B for the reaction
Lu(n,y)
Lu can be obtained
176m
17j
176m
from measurements of the l_u activation rate Lu(n,Y) Lu in a 30 keV
neutron flux of known intensity. The intensity is determined by
simultaneously activating a 1Q7Au foil, since 1Q7Au(n,y)1QR Au has a well
established cross section near 30 keV.
The 3 MeV Van de Graaff accelerator was operated to produce a beam of
protons with energy 9 keV above the 1.881 MeV threshold of the 7Li(p,n)
reaction. In these conditions the centre-of-mass motion of the compound
system throws the total reaction yield into a forward cone, resulting in an
intense, kinematically collimated source of neutrons, with energies 8-65 keV
and a mean of 38 keV. A long counter monitored the neutron flux at 0° to the
beam and the neutron yield per microcoulomb of proton charge was measured
every 15 minutes. The measured activity of 176mLu (T, = 3.6 h) is quite
sensitive to the time dependence of the neutron exposure. The neutron flux
was kept constant to better than 10 per cent for the approximately 8 hour
irradiations. Average proton current on the spray cooled, copper backed
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target was 50 vA.
Difficulties in obtaining reproducible results for the branching ratio
Lu(n,Y)176tnLu led to the adoption of a much tighter sample-irradiation
technique. Neutron radiographs indicated significant misalignment of the
neutron source and the sample foils in earlier measurements.
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The lutetium was 99.9 per cent pure Lu203, a heavy and sticky powder not
easily packed to dimensions which were uniform enough for the present
purposes. Neither was it easy to ensure that the beam of neutrons produced a
homogeneous activation throughout the powder and the gold monitors. As to the
activity measurements, a recent redetermination and re-evaluation of decay
data for 176Lu and 176mLu made it possible to measure 176mLu activity by
counting the number of 88.36 keV gammas emitted in 8.86 ± 0.22 out of every
100 176mLu decays. The relatively low energy of tlris radiation, the rather
low intensities which could be achieved so far, the short half-life of
Lu
(3.635 ± 0.010 h), and the physical and chemical characteristics of the oxide,
all combined against a ready achievement of accurate results.
The method finally adopted was to prepare right cylindrical cups (11.8 mm
dia. x 2.5 mm) from 5 mg cm aluminium foil. The powder was distributed over
the bottom surface of the cups as uniformly as possible. Discs, 11.5 mm dia.,
were cut from the same foil and placed on the powder, and the sides of the
cups were turned inwards over these discs. The resulting sandwiches were
pressed flat between glass plates. Sources were prepared with 20, 35 and 55
mg oxide, their thicknesses ranging from about 0.20 to 0.26 mm. The selfabsorption of the 88.4 keV gammas in the thinnest of these sources was 6 per
cent. The measurement on three samples permitted semi-log extrapolation to
effectively zero self-absorption. Absorption in the aluminium foil was 0.10
per cent.
The aluminium sandwiches were stacked between 60 mg cm"2 gold discs, 12.0
mm dia. Since the stack was barely 0.70 mm thick, under neutron irradiation
it offered the maximum likelihood that the flux, as determined later on from
the activation of the gold, would fully represent the flux activating the
5
Lu in each sample. A tightly fitting cadmium tube, with 0.64 mm thick
walls and closed ends, protected the contents of the package from thermalised
neutrons, the effectiveness of the protection from external thermalisation
having been established in separate experiments. Another useful aspect of
m
this procedure was that the
Lu activity measurements could be started
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within a few minutes after the end of the irradiation.
A weighted mean of three measurements gave a value of Bra = 0.77 ± 0.04
for the branching ratio to the isomeric sUte, and B = 0.24 ± 0.08 for the
ground-state branching ratio.
This result is entirely inconsistent with s-process nucleosynthesis.
Measurements of the thermal branching ratio will be made to check the
experiments! method.
3.3 Fission Studies
3.3.1

Channel analysis of neutron fission in

233
U

[A.R. Musgrove, D.W. Lang, J.W. Boldeman]
Our program to calculate fission cross sections and fragment angular
distributions was materially improved in the past year.
The neutron
transmission coefficients which used to be computed from input strength
functions* are now calculated internally using the optical model. They-ray
transmission coefficients have also been modified because the Huizenga
prescription 'blows up1 at MeV energies.
The angular momentum coupling
2
equations as originally devised by Caruana were incorrect and gave incorrect
angular distributions from fission in odd-A nuclei. These equations have now
been corrected.
000

The fission cross section of
U arising from the first four K bands (K
= 0+, 0", 2+, 1") has been calculated, along with the corresponding fragment
anisotropy (A = I(0°)/I(90°)). The positions of the K bands have been deduced
by Back et al. Goldstone et al. and, more recently, by Just et al. using
1. Boldeman, J.W., Bertram, W.K. and Walsh, R.L. [1976] - Nucl.
A265:337

Phys.,

2. Caruana, J. [1977] - Ph.D. thesis, University of Wollongong
3. Back, B., Hansen, 0., Britt, H.C. and Garrett, J.D. [1974] - Phys. Rev.,
C9:1924.
4. Goldstone, P.O., Hopkins, F., Malmin, R.S. and Paul, P. [1978] - Phys.
Rev., C18:1706.
5. Just, J., Goerlach, U., Metag, V. and Specht, H.J. [1979] - Proc. Int.
Conf. Physics and Chemistry of Fission, Julich, 14-18 May.
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the (d,pf) or (t,pf) to probe the energy region down to threshold.

While the three sets of barrier parameters yield calculated cross
sections in good agreement with each other and with experiment, they lead to
quite different predictions for the anisotropy versus neutron energy (Figure
5).
3.3.2 Fission fragment angular distributions for neutron-induced fission of
230Th
[J.W. Boldeman, A.R. Musgrove, R.L. Walsh]
Thorium-230 has a large sub-threshold resonance at 715 keV which holds
promise of elucidating the intriguing question of the shape of the fission
barrier in this region. A triple-humped barrier emerges naturally from the
theory when mass asymmetric deformations are included at the saddle point.
Further, the 715 keV resonance appears to require a very shallow second
minimum in the fission barrier, unlike the predicted double-humped shapes.
However, the mass asymmetric deformations which can produce the triple-humped
shape are also expected to destroy the parity of vibrational resonances within
the third minimum.
Recently, Blons et al.1 claimed to have identified eight separate finestructure peaks, superimposed on the 715 keV resonance. This was interpreted
as the first four rotational states from a 1/2 , 1/2" pair of vibrational
levels in the second well. Since the fission fragment angular distributions
provide the most sensitive test of any proposedOOfJmodel, measurements of this
quantity have been made for neutron fission of " Th from 680 to 1100 keV.
Further, three different sets of basic conditions were explored in an
attempt to find an optimum fit to the data. With the decoupling parameter o
for the K = 1/2 bands given in parentheses, these were:
(1) Triple-humped barrier shape but specific parity for 715 keV
resonance (in this case l/2+,a - 1.41).

1. Blons, J., Mazur, C., Paya, D., Ribrag, M. and Weigman, H. [1978] - Phys.
Rev. Lett., 41:1289
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(2) The parameters of Blons et al. 'with a = -2.28).
(3) 'Improved1 Blons type.
By the end of the period under review (September 1979), it was clear that
a satisfactory fit to the experimental data would not be found using any of
the three options. This work is proceeding. (Note: We have since discovered
that the problem in fitting the data arose because we had not appreciated that
the sign for the decoupling parameter was different for each parity. This
question will be discussed in detail in the next progress report.)
3.3.3
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Cf spontaneous fission neutron spectrum

[D. Culley, J.W. Boldeman, R.J. Cawley]
A series of measurements of the spontaneous fission neutron spectrum of
using the time-of-fl ight technique has been completed for the energy
region 1 to 15 MeV. The spectrum is best represented analytically by a
Maxwellian distribution, N(E)oc\/T exp(-E/T) where T is the temperature. The
results from six measurements of the spectrum give an average value for T of
1.424 MeV or a value of 2.136 MeV for the average energy of the spectrum. A
plastic scintillator with experimentally determined absolute efficiencies was
used as the neutron detector. The fission counter was a fast ionisation
counter.
The spectrum between 100 keV and 1.0 MeV has been measured using a
lithium glass scintillator in which the lithium content has been enriched to
95 per cent in the isotope Li. A flight path of 1 m was used. The results
are still being analysed. A modified form of the Maxwellian distribution is
being used, N(E) oc Enexp(-E/K), where n has a value of about 0.5 and K is a
constant value for the Maxwellian temperature obtained from the measurements
in the region 1 to 15 MeV.
3.3.4

Viscosity effects at low excitation in the neutron fission of

039

Pu

[R.L. Walsh, J.W. Boldeman, M.M. Elcombe (Materials Division)]
Great progress has been made recently in mapping the potential energy
surfaces of fissioning nuclei. However, to understand fully the fission
process, the dynamical effects of collective inertia and viscosity in the
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descent from the saddle point to scission must also be known. Experimental
data on fragment properties can provide such dynamical information.
239
We have measured fragment kinetic energies and mass yields for
Pu(n,f)
for E = 0.296, 0.081 and 0.033 eV. This energy region does not present
problems from overlapping resonances. The J = 1+ resonance at 0.296 eV and
the J = 0+ below the neutron binding energy are the only two resonances with
significant strength. Further, all the J = 1+ strength and 90 per cent of the
J = 0+ strength can be attributed to two unique collective channels open at
the saddle point: (J,K,ir) = (1,1,+) for J = 1+ and (J,K,it) = (0,0,+), the
+
?3Q
ground state, for 0 = 0 . This makes the
Pu(n,f) system in this energy
range a powerful probe of fission collective properties. For almost all other
(n,f) systems (with no beam polarisation or target alignment), effects for
specific (J,K,ir) channels cannot be isolated.

For the measurement, two surface barrier detectors in double-energy
p
930
configuration viewed a 12 ug cm
electrosprayed
Pu target.
For the
kinetic energy comparison, an improved technique was used. This was to
compare directly the mean positions of the fragment total pulse height
distributions for two neutron energies; i.e. repeated runs were done at 0.296
and 0.033 eV in sequential fashion. Data were also recorded event by event
for the mass yield analysis. A novel feature was the use of a triple axis
spectrometer to provide a monoenergetic neutron beam from the HIFAR reactor.
Special attention was paid to beam collimation to ensure a uniform flux
distribution across the target.
The direct EK differences measured between 0.296 and 0.033 eV for nine
separate runs gave the average value AE~K = -185 ± 75 keV. This result
disagrees strongly with that of Toraskar and Melkonian and lies below that of
Frehaut and Shackleton. For the 0.296, 0.081 eV comparison, the measured
value was AEK = -100 ± 72 keV.
The present results show that for the
Pu compound system, the average
total kinetic energy difference between a pure J = 0+ level (associated with
ground state fission) and a pure J = 1* level is 0.52 ± 0.16 MeV. That is,
only approximately 40 per cent of the discrete 1.25 MeV energy difference
between the K = 0+ and K = 1+ collective bands at the saddle point appears
1. Toraskar, J and Melkonian, E. [1971] - Phys. Rev., C4:267.
2. Frehaut, J. and Shackleton, D. [1973] - Proc. 3rd IAEA Symp.
Chemistry of Fission, Rochester, N.Y. 1:103.

Physics and
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after scission in the fragment kinetic energy mode. One interpretation of
this result is that viscosity effects between saddle and scission in
OOQ
Pu(n,f) are significant, in contrast with the adiabatic behaviour of
lighter actinides.
3.3.5

Mass yields in fission
[D.W. Lang, R.L. Walsh]

An important part of the description of the fission process concerns the
relative yield of nuclei as a function of nuclear mass. Direct measurement of
the yield is complicated by the resolution functions of the system. The chain
of inference leads backwards from the magnitude of a pair of coincident
pulses, through the energy deposited in counters, to relative masses and hence
to absolute masses of fragments. Corrections should be applied for the
resolution functions of the detectors and for the effects of emission of
neutrons after fission but before detection. As usual in resolution problems,
the corrections are being derived by consideration of the simpler case where
the initial yield and details of the physical processes are known and the
measured data are to be predicted.
3.3.6

Fission channel analysis
[J.L Cook, E.R. Rose]
In earlier
work,1 the fission width statistical distributions for neutron
poc

fission of " U at low energies were determined from a distribution theory
derived by us. We found that all data up to 1975 supported the conclusion
that the 3" state had two partly open channels, and the 4" state fitted
precisely our distribution for three partly-open channels. This work came
under strong local criticism on the following grounds.
(i)

The experimental spin assignments to the resonances were far too
tentative and could be grossly in error.

(ii) A high proportion of small levels could be missed in the multilevel
fitting procedure which would make a one-channel distribution look
like a three-channel distribution.
1. Cook, J.L. and Rose, E.K. [1975] - Aust. J. Phys., 28:489
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New data became available recently1 In which polarised neutrons were used to
determine the fission cross section for each spin state separately. We reanalysed these data and found that:
(i) Our previous conclusions were correct and the mean fission widths
obtained with the new data were essentially the same as before.
(ii) There would have to be 100 per cent of levels below a quarter of the
mean value missing to explain why a one-channel distribution looks
like a three-channel distribution. This is a most improbable
result.
The criticisms were based on the observation that the (K,J) assignments
to peaks in the MeV region, when extrapolated to low energies, gave only one
major channel contribution of the 4" state. We suggest that this argument may
be in error as (i) possible intermediate structure would invalidate the
extrapolation, and (ii) the (K,J) assignments do not appear to be unique and
so these assignments themselves are suspect.

4. NUCLEAR TECHNIQUES

4.1 Ion Scattering and Irradiations
Because of the increasing demand for ion scattering measurements, an
accelerator beam line has been set aside for scattering and channelling
measurements to ease the problems in multiple use of the general purpose
facility for analysis and irradiation work. The ion beam is collimated by two
1 mm apertures placed 6 m apart (Figure 6). The sample chamber is fitted with
a small goniometer and a liquid nitrogen cooled 'finger' to provide
cryopumping in the region of the sample. Surface barrier detectors can be
positioned for use in backscattering or in glancing angle scattering.

1. Moore, M.S., Moses, J.D., Keyworth, G.A., Dabbs, J.W.T. and Hill, N.W.
[1978] - Phys. Rev., 18:1328.

4.1.1

Semiconductors
[M.J. Kenny, E. Clayton]

Channelling techniques have been used to test the effectiveness of laser
annealing of As-implanted silicon. Helium ions of energy 2.0 MeV were
backscattered from the sample in random and aligned positions. Radiation
damage introduced by the ion implantation process partly removes the
channelling dip observed in aligned directions, and laser annealing leads to
improved channelling as evidence that the crystalline structure of the sample
has been restored.
The channelling equipment is also being used in a program of measurements
by staff and students from the Royal Melbourne Institute of Technology in a
study of semiconductor materials.
A number of samples of thin films of cadmium stannate (5 to 20 \an thick)
on glass were analysed for CSIRO. The oxygen content was determined from the
backscattering spectrum of 2.5 MeV protons and the relative amounts of Cd and
Sn were determined by the PIXE technique.
4.1.2

Solar absorbers
[M.D. Scott, R. Clapp (NSW Institute of Technology)]

f
Proton and alpha-particle backscattering, as well as the 180(p,a)
reaction, have been used to study the effects of plating time on the
thickness, uniformity and depth distributions of oxygen and chromium in chrome
black surfaces.

4.1.3

Proton induced decoration
[J.R. Bird, R.W.T. Wilkins (CSIRO Division of Mineralogy)]

Irradiation of rare-earth doped synthetic fluorites has shown that the
presence of rare-earth elements leads either to no colour or the formation, by
proton irradiation, of a colour which is different from the purple-pink
induced in natural fluorites. Variation in the distribution of rare-earth
impurities is, therefore, unlikely to account for the decoration process.
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Irradiations have been carried out of other natural crystals including
sylvite, halite, barite, anhydrite, celestite, aragonite and witherite. Of
these, only halite has been found to colour readily, even though synthetic
crystals of other materials are coloured by proton irradiation. Halite,
irradiated by 2.5 MeV protons, rapidly develops a brick-red colour which
bleaches to grey in normal daylight. A dose of approximately 1 pC/mm is
sufficient to give a saturated colour. Heating the crystal to 200°C converts
the colour to blue and heating to 250°C removes it altogether.
Only one of the halite samples irradiated so far has exhibited
decoration, indicating that special conditions of irradiation are necessary to
produce this effect. The decorated sample shows such deformation features as
glide bands and also reveals additional effects in the neighbourhood of fluid
inclusions. A halo of darker colour is observed close to each fluid inclusion
in the irradiated region of the crystal (Figure 7). This coloration probably
represents the original position of the fluid inclusion which has, however,
moved under the temperature gradient accompanying proton irradiation. The
direction of motion of inclusions (derived from the positions of halo and
inclusion) is radial with respect to the beam spot, as would be expected if
the centre of the spot had become hotter than the surrounding material.
4.2 Proton Induced X-rays
A new Si(Li) detector has been installed within a side-arm of the general
purpose sample chamber and is separated from the main vacuum systems by an 8
urn beryllium window. The resolution of 140 eV at 5.9 keV makes it possible to
resolve X-ray lines at lower energies, and the reduction in window and air gap
material thickness enables the study of elements down to Z = 11. The central
region of the detector has been measured to be 100 per cent efficient for
X-rays of 14 keV. However, the overall efficiency of 72 per cent for the 12
mm2 nominal size indicates that the efficiency is radially dependent; this
dependence has been measured.
An X-ray yield calculation program has been written so that observed
spectra can be fitted by the expected curve for a particular sample
composition. Least squares fitting can be carried out under interactive
supervision or as a batch process. Applications of these techniques have
included studies of trace elements in teeth and semiconductors, the use of
PIXE-PIGME methods for artefact characterisation and a program of measurements
of U and Th in ores.
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4.2.1

PIXE calculations
[E. Clayton]

To determine element concentrations from a PI.XE spectrum one has to
estimate the background and identify the elements from their characteristic
peaks, calculate peak areas, and then derive the concentration by comparing
these peak areas with a calculated thick target yield for that element in some
given matrix. The locally developed programs used are: POLY3BITS, PUCK,
BATTY and THICK. POLY3BITS is an interactive program which estimates the
background contribution to the spectrum. From a display of the spectrum on a
VDU, one selects points (using a light pen) that will describe the background.
These points are least squares fitted to a model function which generates the
background. POLY3BITS can store on disk both the spectrum and the parameters
necessary to describe the background. This information is used in the
interactive program PUCK, the largest code in the analysis suite. PUCK
generates a spectrum for comparison with measured data. Peaks observed in
PIXE spectra are often asymmetrical. Accordingly, PUCK has a variety of
optional functions available to describe the characteristic element lines.
The basic function is Gaussian and this may be distorted by an exponential
tail or a step described by the complementary error function. A least squares
fitting technique is used to calculate the areas of reference peaks for each
element. BATTY, which is a batch analysis program, performs the same function
as PUCK, but is automated so that large numbers of spectra can be processed
with minimal effort. Once peak areas have been found, using either PUCK or
BATTY, they must be converted to elemental composition by means of THICK.
This program calculates the yield of X-rays for any element in a given matrix,
taking into account both the slowing down of protons in the sample and the
absorption of outgoing X-rays.
4.2.2

Determination of U and Th
[D.D. Cohen (AINSE), P. Duerden, T. Wall, E. Clayton]

The use of PIXE for uranium and thorium determination in ores, which has
previously been reported, has now been compared with both the delayed neutron
activation (DNA) technique for uranium analysis and the neutron activation
analysis (NAA) for thorium determination. This comparison has been made to
check the reliability of internally and externally prepared standards and
verify the PIXE technique.
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Pelletised samples of powdered rock and ore, and prepared mixtures of
thorium oxide and uranium oxide in pure carbon were made up in the range 10 to
10 000 ng g for both uranium and thorium. The samples were analysed using
PIXE, irradiated in Moata and analysed using the DNA and NAA techniques.
Table 9 is a complete list of the PIXE, DNA and NAA results compared with
nominal concentrations. The agreement in most cases is within the errors
quoted; inaccuracies in some of the nominal concentrations of the prepared
mixtures show up in both techniques. Figure 8 is a plot of PIXE versus DNA
and NAA results. The errors included are the total (statistical and
experimental) errors for the PIXE results and the 3 <r statistical limits for
the DNA and the NAA results. For any individual sample, the PIXE and the
neutron activation concentrations estimated will be the same, within a
3<r standard error of 9 per cent.
The chief advantage of PIXE is that both uranium and thorium
concentrations can be obtained after a few minutes' proton irradiation. DNA
and NAA are, however, more sensitive and accurate than PIXE in concentrations
1 to 100 jig g (the lower detection limit for PIXE being 3 to 4 yg g per
100 yC for uranium and thorium); but while the DNA method gives the uranium
concentration more quickly than PIXE, the NAA method for thorium analysis
involves a delay of at least two weeks after irradiation.
4.2.3

Low level thorium and uranium determination for thermoluminescent
dating

[D.D. Cohen (AINSE), P. Duerden, T. Wall, E. Clayton, J.R. Prescott
(University of Adelaide), H.E. Jensen (University of Adelaide)]
Thermoluminescent dating determines the time since a sample, e.g. a
potsherd, cooking stone or other baked material, was last heated. The energy
trapped in crystal impurities as a result of environmental radiation is found
by heating the sample and recording the light emitted. The sensitivity to
ionising radiation is determined and the radioactivity in the sample and its
surroundings measured. The latter process requires the determination of
thorium and uranium from a level of a few yg g upwards. At the University
of Adelaide, thick-source alpha particle counting has been used and the dose
calculated in rad y~ particle . The major uncertainties in this method lie
in distinguishing between thorium and uranium, and establishing whether radon
loss gives serious disequilibrium.
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The PIXE technique for uranium and thorium analysis has been tried for
these sample measurements. PIXE has not proved to be useful, however, for the
supplied samples generally had low uranium concentrations (< 10 yg g~ in most
samples), very low thorium levels (often ~1 yg g ) and large quantities of
rubidium and strontium (-100 vg g"1} whose Ka X-rays interfere with the
uranium and thorium La X-rays. For this reason, the techniques of DNA and
NAA, although a little more time-consuming, have proved much more satisfactory
than PIXE for the absolute determination of thorium and uranium in most baked
samples.
4.2.4 Artefacts
PIXE has been found to be very well suited to the large scale analysis of
artefact samples, because it provides satisfactory multi-element analysis and
can handle large numbers of samples with a minimum of sample preparation;
it
is non-destructive, and has a relatively short irradiation time and an
acceptable analysis time.
If, however, elemental composition of the complete sample is required,
PIXE can be applied only to uniform samples since it is a surface analysis
technique.
Obsidian

[P. Duerden, J.R. Bird, W.R. Ambrose (Australian National
University), B.F. Leach (University of Otago, N.Z.)]
Obsidian has been shown to be very suitable for simultaneous PIXE and
PIGME (proton-induced gamma ray emission) analysis, and a survey and
classification of Pacific obsidian has been undertaken to establish fully the
usefulness of this technique.
Before the analysis, samples are loaded onto individual mounting plates
and these, in turn, are attached to a 1 m long target stick that is positioned
by manual or computer-controlled stepping motors. The loading procedures are
very simple and the only additional sample preparation, after selection of an
irradiation area (chosen to be flat and free from defects), is washing by
ultrasonic agitation in nanograde benzene. The sample holders and target
sticks are designed so that the irregularly shaped obsidian samples can be
mounted with minimum variations in distance and angle between irradiation
areas and detectors. The target chamber with loaded obsidian samples is shown
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in Figure 9.
A typical PIXE spectrum from obsidian is shown in Figure 10, with the
most significant peaks labelled. More than ten elements can be used for
sample characterisation, merely by taking peak areas directly from the
observed spectrum as well as using F, Na and Al from the (p,y) data. At least
20 elements can be studied by using spectrum fitting techniques. A special
computer file is used for handling and intercomparison of the data from
several thousand samples. Interactive routines allow editing of data,
calculation of ratios and other numerical relationships, means and standard
deviations and also plots of selected parameters. The data file can also be
used as a source for statistical tests including correlation of sample pairs
and discriminant function analysis of sample groups.
Pottery
[J.R. Bird, P. Duerden, 0. Rye (Australian National
University)]
Studies are under way which use both laboratory prepared samples of fired
pottery and prehistoric pottery sherds from sites on the Papuan coast. By the
very nature of its manufacture, pottery, and particularly prehistoric sherds
which archaeologically may be considered alike, are not necessarily completely
homogeneous mixtures. A study of the source of materials used in manufacture
must also t*ke into account the fact that, u> achieve a suitable clay body for
use, the potter will vary the composite of clay and sand used. Sourcing then
becomes a study of materials and the compositions used for the sherd
manufacture.
PIXE-PIGME measurements with a 1 iui dia. proton beam have been used on
sherd and briquette surfaces. Whereas one measurement on obsidian has a high
probability of giving results which are representative of that sample, this is
not necessarily the case for pottery, especially when, as usually happens,
inclusions occur throughout the material. Measurements made show striking
changes in composition. For example, the presence of chert inclusions within
a beam area causes a marked reduction in the intensities of most of the X-ray
peaks, even though the characteristic pattern may still be apparent. The
speed of PIXE-PIGME measurements makes it possible to carry out many
measurements on each sample by scanning the surface with a 1 mm dia. beam and
this can be exploited to determine the characteristics of fhe basic medium in
a sherd as well as those of any individual inclusion in this medium. A range
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of fired briquettes using local clays has been prepared as reference standards
for these sherd measurements.
A different approach using ground pottery samples pressed into pellets
has also been developed. The material for analysis is not completely
homogeneous so that reference standards themselves have to include not only
source clays but such sands as could have been used in the manufacture of
pots.
Aboriginal ochres
[D.D. Cohen (AINSE), P. Duerden, C.H.L. Kennard (University of
Queensland), K.D. Dwyer (University of Queensland)]
The PIXE technique has been tested for characterising Aboriginal ochres
by their trace element composition and to correlate artefacts with their sites
of origin. A batch of 40 ochres and stones has been analysed to date and the
following elements used for characterisation: Fe, Ni, Cu, Zn, Pb, Sr, Y, Zr.
Preliminary investigation of these samples shows good correlation of trace
element composition and artefacts found on Fraser Island and suspected to have
come from the same mainland sites.
4.2.5

PIXE studies on teeth*
[D.D. Cohen (AINSE), E. Clayton, T. Ainsworth (Flinders University)]

The technique of proton induced X-ray emission analysis has been adapted
to carry out non-destructive multi-elemental analysis on teeth with known
histories. Thirty teeth (15 healthy and 15 decayed) were selected and
prepared (at Flinders University and the University of Adelaide) for initial
studies using the PIXE technique. Also three standards were prepared by
doping ultra-pure hydroxy apatite (Ca1Q(P04)6(OH)2) with Si, S, K, Cl, Ti. Ni,
Zn, Sr, Ag, Sn, Pb of known concentration \n the range 1000 to 2000 pg g .
Samples and standards were mounted on an aluminium target holder and
placed in the vacuum system of the Lucas Heights 3 MeV accelerator. A typical
premolar cross-section is shown in Figure 11. For this investigation a 1 mm
die. beam spot was used to study the range of trace element concentrations in
enamel, dentine and cementurn, both healthy and decayed.
* Project supported by Colgate-Palmolive Pty Ltd.
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Each spot on each tooth was irradiated twice with 2.26 MeV protons. The
first time was a low current (10 nA) no filter run to study the low atomic
number trace elements (Na to Zn); a typical spectrum obtained is shown in
Figure 12a. The second irradiation was a high current run (100 nA), with 1.5
mm of Perspex filter between the target and the detector; a typical spectrum
is shown in Figure 12b. The dashed curves in these figures are the raw data
and the solid curves are theoretical fits. The backgrounds shown are produced
by fitting a background to the sum of all the teeth runs and then normalising
that to the total charge hitting the target for a particular run.
Measurements on the standards were made for both the filter and the no
filter case and are compared in Figure 13 with the full theoretical thick
target apatite calculations. The shape of the Ka X-ray yield curve versus the
Z of the trace element is well predicted by the theory, for both the filter
and the no filter case. The ratio of experimental yield to theoretical yield
was (1.03 ± 0.07) over 10 _< Z <. 50. Figure 13 has been used to relate the
counts in a peak produced by a trace element in a tooth to the absolute
concentration of that trace element.
4.2.6 Contaminants in gold implanted Si wafers
[D.D. Cohen (AINSE), A.G. Nassibian (University of W.A.), B. Golja
(University of W.A.)]
PIXE has been used to find the range of trace element contaminants in
Harwell-implanted Si wafers after various gold diffusing and etching
processes. Each wafer had gold diffused at 850°C for 10 minutes through the
front face, an implanted surface layer of argon on the back face and then a 40
to 50 pm step etched in the back face. Some of the wafers were then heat
treated for 15 to 160 minutes at over 1000°C. The back of the wafer on both
the argon-implanted surface and the etched step was irradiated with 2.26 MeV
protons, and the amount of diffused gold and number of different contaminants
present measured. Figure 14 shows a typical spectrum for a 3 mC irradiation
(at 1 pA) on the argon-implanted surface at the back of the wafer. The gold L
X-ray peaks correspond to a concentration of (20 ± 5) yg g"1. The range of
other contaminants found is shown in Table 11.
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4.3 Proton Induced Reactions
4.3.1

Yields
[M.J. Kenny, E. Clayton, J.R. Bird]

The PIGME technique is useful for non-destructive prompt nuclear analysis
of a wide number of elements. For it to be used quantitatively, the yields
from pure element samples must first be known. While suitable data are
available in the literature for a number of elements, they contain
discrepancies, and new measurements were made at 2.0 and 2.5 MeV for F, Na,
Mg, Al, Si, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ag and Au. Thick target yields
are given in Table 12; Figure 15 shows a histogram of the yield of the
strongest gamma ray for each element listed.
Yields vary by four orders of magnitude, so that elements such as 8, F,
Na and Al are readily detectable even in small concentrations, whereas Ni and
Mo can be detected only in larger concentrations.
A comparison between the new and previous data shows discrepancies of up
to 20 per cent. These are not systematic and tend to reflect problems of
spectrum analysis. For elements with high yields such as aluminium, the data
agree to within ± 10 per cent.
Thick target yields are generally isotropic, but departures from isotropy
can be observed when the yield is dominated by a large reasonance near the
incident proton energy. Measurements were made at angles of 90° and 135° for
Na, Mg, Al and Si. A strong resonance occurs in the reaction Mg(p,p'y ) Mg
at 2330 keV and this resonance has a strong asymmetry for the 1338 keV gamma
ray. Thick target yields showed that this gamma ray is about twice as strong
at 135° as at 90°.
A sample to be analysed normally contains a number of elements each of
which has a different stopping power. Hence the yield from a particular
element will be determined not only by the quantity of the element present but
also by the matrix composition. One method which has been used successfully,
involves evaluating the stopping power at the energy at which the gamma ray
yield is half that for the incident proton energy. This method requires a
knowledge of the yield as a function of proton energy and this is not always
known. Integral calculations have been made to obtain stopping power
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corrections for mixed targets, and Figure 16 shows the percentage change in
yield (for two different empirical rules) as a function of atomic number. The
difference between the two rules and the integral calculations is of the order
of 1 per cent or less.
Fluorine produces three high-energy gamma rays at energies of 6.13, 6.92
and 7.12 MeV from the reaction F(p,oy ) 0. The reaction has a high cross
section and trace quantities of fluorine produce observable gamma ray yields.
The 6.92 and 7.12 MeV gamma rays come from states with very short lifetimes
and so these lines have considerable Doppler broadening. Analysis of spectra
from a number of samples of concentrations between 0.5 and 5 per cent shows
that discrepancies of a factor of two occur in measurements of the yields of
these gamma rays, particularly at a proton energy of 2.0 MeV. Further
measurements are in progress to clarify the yields of the various gamma rays.
4.3.2

Cross sections
[J.R. Bird]

The literature survey on prompt nuclear analysis (Section 4.3.3) has been
used to tabulate the frequency of analytical use of individual nuclear
reactions and the availability of relevant cross section information. The
results were presented in an invited paper to the IV International Ion Beam
Analysis Conference, Aarhus.
Ion-ion reactions are used widely to determine light nuclides, and many
of the cross section curves have been published in the Ion Beam Handbook.
However, this information does not cover all experimental conditions nor
provide the numerical data which are often needed, for example, in depth
profile measurements.
Ion-neutron reactions have not been widely used for analysis, but there
is an increasing number of publications of such measurements using (p,n),
(d,n) and (a,n) reactions.
No compilation of relevant cross section
information is available nor of neutron yields from elements at various useful
ion energies. Such compilations are needed for both analytical work and
assessment of neutron hazards during ion irradiations.
Ion-gamma reactions are a valuable analytical tool for determining
selected light elements or, in their absence, a variety of medium and heavy
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elements. Although a number of thick sample yield curves have been published
they contain significant discrepancies, and further work is needed to achieve
the accuracy which is intrinsically available with this technique.
4.3.3

Prompt nuclear analysis bibliography
[J.R. Bird, B.L. Campbell (Isotope Division), R.J. Cawley]

The computer file of references on prompt nuclear analysis has been
further updated to include papers published to the end of 1978. A listing of
the additional references and an updated index of papers on each type of
nuclear reactions has been prepared and is available from the authors.
4.3.4

PIGME beam line
[H. Broe, I.F. Senior]

A UHV chamber has been installed on a switch-magnet beam line for use in
the study of samples under conditions of minimised contamination. A reentrant port permits a 21 per cent efficient Ge(Li) gamma ray detector to be
placed close to a sample during irradiation. This system will be used
initially in low-level fluorine determination.
4.3.5

Dead time corrections
CM.J. Kenny, L.H. Russell]

To obtain absolute count rates with a Ge(Li) gamma ray detector, correct
procedures must be used for evaluating the dead time of the electronics. The
IAEA has provided a set of gamma ray sources of progressively increasing
strength. Spectra from these sources have been obtained and the results
returned to the IAEA for evaluation to enable direct comparison of our own
system with those used elsewhere.
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4.4 Neutron Irradiations

4.4.1

Uranium assay

[T. Wall, H.P. Rothbaum (DSIR Div. Chemistry, N.Z), D.J. Cullen (DSIR
Oceanographic Institute, N.Z.)]
The uranium assay service provided 4125 sample analyses for 14 outside
organisations. The number of samples analysed for AAEC projects in leaching,
bioassay and waste treatment was 1346.
Data provided by the analysis rig were published in a paper concerning
the fate of uranium laid down on arable and grassland soils during phosphate
fertilisation. Analyses have since been carried out on the concentrated ashed
residues of plants grown on extensively fertilised plots, but no uranium
uptake by plants was detected.
The analysis service has also provided results for a paper on the uranium
content of submarine phosphorite deposits.
4.4.2

Solid state track recorders
[T. Wall]

Following the work on phosphorites, samples from Chatham Rise (east of
New Zealand) have been forwarded, for fission track analysis, by the NZ
Oceanographic Institute.
Preliminary tests have shown the uranium
distribution at the face of a polished rock section can be mapped and data
provided on the uranium geochemistry of marine phosphorites.
Investigations are continuing into the particulate distribution of
uranium and plutonium in sand matrices using solid state track recorders.
4.4.3

Autoradiography
[T. Wall]

A joint project with the Fine Arts and Chemistry Departments, University
of Queensland, has involved neutron activation and autoradiography to study a
black and white painting (circa 1897) suspected of being an over-painted
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photograph.
Detection by NAA of the diagnostic elements of Au and Ag and an
autoradiograph depicting a substrate structure which is different from the
final work suggest that the picture is indeed an over-painted photograph.
4.4.4

Neutron activation analysis
[T. Wall]

Analysis of several internal and external geochemical standards has shown
that Moata can be used ffor NAA of thorium to a sensitivity of 1 yg g at an
accuracy of ±0.1 yg g .
4.5 Facilities
4.5.1

3 MeV Van de Graaff accelerator
[H. Broe, J. Fallon, I.F. Senior, M.J. Kenny]

The accelerator operated for 3946 hours during the year. Experimental
time was approximately equally divided between applications of nuclear
techniques and neutron physics. Approximately 15 per cent of all operation
was unattended. Time used by each experiment is shown in Table 13.
Nanosecond pulser
The 1 MHz pulser contains two class C, RF amplifiers, each of which is
coupled through a pair of deflector plates which are mounted at right angles
to each other. The design operation is for 10 ns pulses, but for a
considerable period pulses were 30 to 50 ns wide.
The RF amplifiers were thought to be detuning in the pressurised
environment. Extensive testing, carried out at pressures of 2 MPa, resulted
in some capacitors changing their characteristics. However, after their
replacement further difficulties were encountered; the separation of a set of
deflector plates varied between 8 and 12 mm and performance improved
significantly at the wider spacing. Presumably at lesser spacings, beams
could actually strike the plates.
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Satisfactory performance is being obtained by grounding the second
(auxiliary) plates and using only the main amplifier. This produces two beam
bursts per cycle. The minimum pulsed-beam width under these conditions is 12
ns which, after bunching, reduces to 3 ns.

Accelerating tube and column
The accelerating tube continued to require some hours of conditioning in
order to operate at voltages > 2.5 MeV. There seemed to be no sign of
improvement in this situation so the tube was replaced after 7266 hours'
operation. The replacement tube was reconditioned by Dowlish Developments and
has held 3.08 MeV with no conditioning current and fewer tank sparks than
previously observed.
At the same time as the tube replacement, the first segment of the
accelerating region of the column was repaired after being damaged when a
column resistor burned out. This segment had been shorted out following the
damage, thus extending the drift region of the tube from four to five
segments. Progressive replacement is planned for the original column
resistors by new epoxy sealed ones.
Increased intervals between regular maintenance
A molydisulphide grease is now used in the motor and alternator bearings
and, at this stage, the interval between bearing servicing has been safely
increased from 1000 to 1500 hours. Approximately half the experimental
program requires low current operation (approximately 20 pA d.c.) and this has
enabled ion source life to be extended to 1000 hours.
Cell interlock system
The system, as detailed in a previous Progress Report (PR44-P), is now
fully operational and has proven safe and reliable. As the Interlock
operation is centred on the sensing of radiation levels, particularly gamma
rays, a small 50 kBq source is fixed to the gamma monitor and a reading from
this monitor is necessary to complete the interlock. This ensures proper
monitor operation.
The normal mode is that drive motor operation requires the cell door to
be locked. Opening the door while the accelerator is operating is possible
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only if the radiation is below the preset trip level (15 mrem/hour at the
monitor).
Liquid nitrogen traps - automatic filling
An effort was made to adapt commercially available units for pumping
liquid nitrogen to beam line traps. Problems in the system were experienced
because of
. high and low level sensing resolution, in that pumping turbulence
triggered both level sensors;
. damping of sensitivity of sensors which frequently produced
overfill situations of icing up of sensors; and
. physical damage to germanium diode sensors.
A system using temperature-dependent resistors is presently being developed.
Turbo molecular pumps
The turbo molecular pumps fitted to the switch and analyser magnets have
suffered from failure of the tooth belt coupling between the motor drive gear
and the rotor gear. The manufacturer has provided a modified belt and gears
that should give longer life, and these are now in use.
4.5.2

Data acquisition
[M.D. Scott, R.J. Cawley]

An Ortec CAMAC memory unit was added to the PDP15 system to interface
ADCs, and provide a de-randomising buffer; it significantly lowered ADC
deadtime due to computer servicing of interrupts. To take full advantage of
this, an ADC multiplexor has been designed and commissioned. This multiplexor
interfaces up to 5 ADCs to the Ortec memory unit. Special handler routines
were incorporated in the programs PHAFOM and BIGFOM to use these modules.
IBM370 downtime (MVS testing) during the past nine months has accentuated
the difficulties caused by the lack of bulk storage facilities on the PDP15.
PDP15 experiments have not had access to disk storage for an average of four
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hours per day, a severe restriction to automated experiments with run times of
the order of 5 to 15 minutes. Apart from the above, intermittent faults
occurred which were associated with the I/O processor (noted in earlier
reports). Nevertheless, the PDP15 continued to be used regularly for extended
periods of unattended experiment control anc! data logging. The PDP7 is also
still used extensively, but is subject to intermittent faults which generally
disappear spontaneously during diagnosis.
OBSID
A program, OBSID, has been developed to simplify the task of handling
multiparameter data from a large number of experimental runs on similar
samples (such as obsidian, pottery or glass). Each run is assigned a unique
file which contains descriptive and cross reference data, and up to 80 numbers
characterising the run. These numbers typically include run duration, total
charge and selected integrals from gamma and PIXE spectra. Each file also
includes space for up to 160 numbers which can be generated from any
combination of other numeric fields, using simple arithmetic. Each of these
numeric fields may be given a distinctive name.
Commands are available to edit the files and, for selected fields,
perform averaging, generate histograms, plot and print. In addition, each
file may be flagged with several attributes which may affect that file's
eligibility for inclusion in group operations. Files to be operated on may be
selected by character string matching in the descriptive fields, by interval
selection in the numeric fields, or by explicitly giving the file numbers.
PTANAL
A multiple peak fitting routine has been added to the analysis program
PTANAL. The user specifies peak position, fitting Interval and a peak width
calibration. Various options allow for fixing or variation of parameters such
as peak position, peak width, linear or quadratic background and tailing.
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5. FUSION

5.1 Australian National University
5.1.1

LT-4 tokamak
[6.R. Hogg]

Preliminary measurements have been made on the LT-4 tokamak, using a
capacitor bank to produce a plasma current pulse of I < 30 kA for < 15 ms.
Despite the short time constant (< 100 ps) of the vacuum vessel and absence of
feedback stabilisation for the plasma position, excellent equilibrium was
obtained for several milliseconds. Such equilibrium requires that the
magnetic field errors in BZ (vertical) and Br (radial) associated with the
toroidal field B^ be controlled to an accuracy of <10~4 B^ , together with an
applied B that is proportional to the plasma current. Typical operation at
&4> approx. 1 T, I plasma maximum approx. 30 kA and average electron density
n"e approx. 3 x 1019 m~3 produces an electron temperature!^ approx. 200 to
300 eV, a plasma voltage of approx. 1.5 volts per turn and an energy
containment time T E approx. 2 ms, with no evidence of significant quantities
of runaway electrons.
A restraint frame has been installed to stabilise the toroidal field
coils and also to permit adjustment of the coils and so minimise the magnetic
field errors Br and BZ. A 1 MW mercury arc rectifier and associated switch
gear are under construction to produce tailored pulses that will, in turn,
produce plasma currents of 100 kA with approx. 0.1 s duration, with plasma
equilibrium being maintained by vertical and horizontal feedback control.
Diagnostics, based on measurements of the soft X-ray emission from the
plasma (see AAEC/PR44-P), are being developed which are expected to be
operating in conjunction with improvements in the performance of LT-4 in early
1980.
5.2 Flinders University
[J. Tendys, 6. Durance]
The influence of the level of preionisation on the formation and
properties of a 'stabilised1 Z-pinch has been studied in FUZA-2 for
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preionisation levels from 2 to 35 per cent.
At low levels of preionisation, rapid penetration of current and axial
magnetic field to the axis of the discharge was observed, and there was very
little 'bouncing', while at higher levels of preionisation, shock formation
was clearly seen and the bouncing was more pronounced. The time to reach peak
compression, the compression ratio, and the line density of the compressed
plasma were almost independent of the level of preionisation.
In the equilibrium phase, increasing levels of preionisation led to
somewhat more peaked density and pressure profiles, and to considerably more
peaked temperature profiles.
There is, therefore, a possibility that varying levels of preionisation
can be used to tailor radial profiles of density and pressure, and hence
influence the average value of $0 .
Of particular significance in these experiments was the formation of a
reversed current in the outer sheath of the pinched plasma column, and the
subsequent ejection of this outer plasma layer.
Upon completion of this first phase of experiments, FUZA-2 was shut down
for installation of a remote control system and additional safety interlock
circuitry.
The novel circuit in FUZA-2 which provides the required large axial
currents, consists essentially of a combination of two separate
inductor/capacitor loops to produce a fast-rising discharge current pulse and
to provide some control over the overall shape of the waveform after current
peak. Initial operation proved disappointing, providing no substantial
improvement over a conventional crowbar. In practice, the parasitic
inductances and resistances tended to become comparable to the plasma
inductance, and had a marked influence on the current waveform. The simpler
crowbar circuit was subsequently used in the above studies, while a detailed
circuit analysis was undertaken to optimise the complete circuit before the
next experimental phase. A numerical fitting procedure was attempted to
evaluate the unknown parameters, but proved unsuccessful. A more detailed
analytic investigation provided a better insight into the operation of the
circuit and indicated that a reduction of capacitance in the slow loop could
result in behaviour closer to 'ideal'. Appropriate modifications were carried
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out and proved successful.
The second phase of the FUZA-2 experiments involves investigating the
effects of other parameters (shape and magnitude of axial current, bias field,
gas-type and filling pressure, etc.) on the pinch characteristics. This
program was interrupted by a discharge tube failure and problems with the
newly installed panel meters for recording bank voltages. These problems have
recently been rectified.
The first digital data acquisition system has been commissioned. This is
based on a PDP11/03 computer with associated CAMAC crate and two Lecroy fast
transient recorder modules. Programs have been written to record data and
perform appropriate analyses. Experience with the system to date has been
encouraging. Similar systems are planned for FUZA-3 and FPS-2, plus
additional CAMAC modules.
Four computer codes for stability analysis in diffuse pinches are now
available on the university computer system; two of these assume ideal MHD
(BUNYIP and THALIA), and two include dissipative effects (RIPPLE-4A and
VISCODE). Although instability measurements were attempted during the initial
FUZA-2 studies, the results were inconclusive. Redesigned 120° coils have
been incorporated on the new discharge tube, and, when the experimental
results become available, calculations will be compared in detail.
5.3 Sydney University
5.3.1

The tearing mode instability in a partly ionised plasma
[I.J. Donnelly]

The resistive tearing mode is a mechanism that can, in some cases, render
unstable a magnetohydrodynamic equilibrium in a plasma that is ideally stable,
i.e. stable in the absence of dissipative processes. The tearing mode in a
fully ionised plasma has a maximum growth rate «, given by
w< ^ T -lr0.5

Rb

2

(I)
u;

where T R = VQ a /»» is the resistive diffusion time scale, a is a length
related to the spatial variation of the magnetic field, and S = TR/TA where
T. = a(w0p)
is the Alfven wave transit time. Clearly, from equation (1),
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any change in the resistivity r» or plasma density p will alter the growth rate
of the instability.
A dissipation mechanism, additional to resistivity, is present in a
partly ionised plasma because any ion motion relative to the neutrals leads to
frictional heating caused by ion-neutral collisions. The same frictional
force tends to drag the neutrals along with the ions, so the effective density
for the evaluation of T A lies between p and pp + pn, where p_ and p p are
plasma and neutral densities. Thus the presence of neutrals is expected to
have a strong effect on w.
The tearing mode growth rate has been evaluated for a partly ionised gas
in a spatially periodic, force-free equilibrium magnetic field. Spatial
Fourier expansions are taken of the perturbation fields and the numerically
determined growth rate so that the expansions converge. This technique was
developed by Cross and van Hoven for the fully ionised case. The growth rate
is found to be

w~3.4 T-l S°'57
where T R and S are defined as above with i? = r?Q (i + -M) where

(2)
T?Q is

the

Spitzer resistivity, P = Pp + Pn v n i /(f>+ vni) and
ven, ve1 and vn1 are
the electron-neutral, electron-ion and neutral-ion collision frequencies.
The effects of ionisation and recombination were neglected in the above
analysis as their inclusion leads to a higher order coupling of the Fourier
expansion coefficients which complicates the solution.
However, a
reformulation of Ohm's law to include ionisation and recombination indicates
that the main change is a slight reduction in resistivity which would have a
negligible effect on w.
The major effect of the neutrals is to increase the effective density of
the plasma and thereby make the tearing mode growth-rate lower than that found
in the absence of neutrals.
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5.4 Calculations

5.4.1

Fusion data library
[B. Clancy, J.L. Cook, E.K. Rose]

At present, over forty tables of rate coefficients and decay constants
have been compiled and evaluated. These include electron-electron, electronion, electron-neutral, ion-ion and ion-neutral elastic scattering rate
coefficients, and recombination, ionisation, excitation and de-excitation rate
coefficients. The latest extensions include power density rate coefficients
determined from the corona model for oxygen, iron and molybdenum. The degree
of ionisation (Zeff) for each element as a function of plasma temperature has
also been evaluated. The original library has been extended down to 10 eV and
up to 100 keV and data errors removed by checking plots on a visual display.
D-D and D-T fusion rate coefficients have been evaluated and included in
the library. In addition, other D-D, D-T and T-T atomic processes are
currently being checked and will be included in due course. At present, a
simple program is being written to compute the ionisation potentials for
particular states of ions and neutrals. With this information approximate
ionisation and recombination rate coefficients for any ion can be calculated.
5.4.2

Tokamak simulation studies
[B.E. Clancy, J.L. Cook]

In the calculations of plasma equilibrium number densities reported
previously, the toroidal geometry was simulated by treating the plasma as a
one-dimensional cylinder and aiming to determine radial profiles. Because of
major uncertainties in the diffusion properties of a toroidal plasma, the
computational cost of retaining the radial variation could not be supported
and studies were restricted to a zero dimensional model. As a consequence,
number density profiles, which are most often approximately parabolic, were
assumed to be solutions of a particular type of diffusion equation, and so
geometrical buckling could be introduced to describe the particle leakage at
the plasma boundary. Successful convergence was obtained for the equilibrium
concentrations of electrons, hydrogen ions and the Is, 2s, 2p and 3s excited
states of the hydrogen neutrals, representing a pure hydrogen plasma. An
external source was required to drive the equilibrium condition and this was
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selected to give the chosen average electron density.
To describe the diffusion coefficients, the theory of Hinton and
Hazeltine was used. This assumes that for electron-ion diffusion, there are
three distinct regimes as a function of the collision frequency: a low density
(the 'banana') regime, an intermediate (the plateau) regime and a high density
(the Pfirsch-Schluter) regime.
The next stage involved the computation of number densities and
temperature as a function of time, during the initial stage of source
injection, and after the source was shut off. It was assumed that all species
have the same temperature.
The code was extended to give power densities as a function of time.
Ohmic heating and neutral beam heating were used and radiation losses from
bremsstrahlung, ion and electron thermal conduction, particle leakage and
cyclotron radiation were included. The ohmic heating and cyclotron radiation
were computed from Ribe's? formulae and Spitzer's3 theory. The thermal
conductivities were obtained from Hinton and Hazeltine.
To give a more general description of a tokamak shot, ion and electron
distributions were allowed to have different temperatures, and power density
exchange terms were included using Spitzer's equiparlition time. The energy
confinement time was determined assuming a power density balance and employing
the definition reported by Hugill and Sheffield. These authors listed the
parameters for many tokamaks and we tested the code for an ST shot.
Satisfactory agreement was obtained for the energy confinement time, the loop
voltage and loop current, while the ion and electron temperatures attained an
equilibrium for the energy density with average values rather higher than
measured for the electrons, and lower than measured for the ions. We did
obtain good agreement for the losses with Ribe's conceptual reactor
calculations.
1. Hinton, F.L. and Hazeltine, R.D. [1976] - Rev. Mod. Phys., 48:239.
2. Ribe, F.L. [1975] - Rev. Mod. Phys., 47:7.
3. Spitzer, L. Jr. [1956] - Physics of Fully Ionized Gases.
Publishers Inc., New York.
4. Hugill, J. and Sheffield, J. [1978] - Nuclear Fusion, 18:15.
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It was noted that the ST experimental value for Zgff was about 4, which
permitted the conclusion that impurities would greatly affect the power
density balance. A review of the data led to the conclusion that line
radiation from impurities such as oxygen, iron and molybdenum would affect the
power density balance very much. The diffusion and bremsstrahlung properties
were, at first, modified by defining a pseudo-impurity which would give the
plasma the measured value of Z -- and have a mass value of the average mass of
the impurities. It was then discovered that to treat small tokamaks
satisfactorily, the original data library, containing rate coefficients
tabulated from 1 keV to 20 keV temperatures, would have to be extended to
lower tenperatures to provide reliable interpolations. All rate coefficients
were extended to range from 10 eV to 100 keV. At this time new data were
found for the line radiation power densities and I ., for each of oxygen, iron
and molybdenum as a function of temperature. To deal with this mass of
impurity data, each element was assigned two-phase pseudo ions which had
concentrations that gave the measured Z -- for the whole plasma.
Future plans involve the creation of rate coefficient libraries for a D
or D-T plasma from the existing H rate coefficients and the 0-0 and D-T fusion
rate coefficients which are contained within the data library. The code
outputs macroscopic quantities of interest, such as the loop voltage, loop
current, 8 toroidal and e poloidal, kinetic pressures, magnetic pressures,
thermal and electrical conductivities and diffusion coefficients. The code is
designed to have all theoretical formulae in one routine, physical constants
in another and required manipulations in a main routine. An extended testing
period is planned to simulate experiments on both small and large tokamaks.

6. MISCELLANEOUS
6.1 Magnetohydrodynamic Turbine
[D.W. Lang, J.P. Sawyer]
The proposed construction of a model has been deferred. A submission was
made to the NERDDC review in support of an appropriate broadening of the
provision of the Atomic Energy Act. The submission was not noted separately,
but the turbine concept is discussed in the NERDDC report, Appendix A.2.4.
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6.2 Application of Unfolding Techniques
[D.W. Lang]
Measured resolution functions
Work reported earlier (see PR44-P, Section 7.2.1) has continued. Results
achieved are comparable with those reported
elsewhere, but further improvement
T O
T
is desirable. The product matrix R « R was described earlier, where R is
the transpose of R, a matrix approximation to the resolution function, and w2
is a diagonal matrix made up of the inverses of the variances of the data.
The core of the unfolding problem is to find an approximation, or an iterative
series of approximations, to the inverse of R w R. With an iterated series
of approximations, the information in the data about the underlying natural
spectrum can be separated from noise associated with random variations in the
measuring process. Iteration includes finding, at each step, the remaining
discrepancies between the data and the reconstruction of them using the
current approximation to the unfolded natural spectrum. If the discrepancies
have appropriate magnitude and are uncorrelated, they may be assumed to be
noise. Too good an approximation to the inverse goes beyond this stage.
Since most resolution functions smooth out features of the natural spectrum,
unfolding noise produces unbelievable artefact features in the postulated
spectrum.
Several methods have been used to produce appropriate approximations to
the required inverse. Simple conjugate gradient unfolding is too slow.
Conjugate gradient methods have been tried, incorporating simple
approximations either directly to the inverse of R o> R or to the three factor
matrices separately. These are still too slow and research continues.
A study of work by Perey [ORNL/7M06267, ENDF-259] suggests features that
may be incorporated, allowing better analysis of errors in the final spectrum.
6.3 Neutron Therapy: Tissue Neutron Spectra
[B. McGregor]
Neutron therapy is arousing increasing interest in the treatment of some
cancers. Because the relative biological efficiency (RBE) of neutrons varies
rapidly with energy, knowledge of the neutron energy spectrum, as well as its
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intensity at different positions within the patient, is important. Such
knowledge also improves assessment of the neutron dose being imparted to the
tumour site, relative to the surrounding tissues and organs. Presently such
doses are calculated by extrapolating the dose measurements at the surface of
the body. Reliable experimental determination of the neutron spectra within
tissue is extremely difficult and accurate data on the topic are therefore
scanty.
Neutron spectra at various depths in a tissue-equivalent cylindrical
phantom of 24 cm radius and 30 cm depth have been calculated. The neutron
beam with a field size of 5.64 cm radius (10 cm x 10 cm) was assumed to be
normally incident on the phantom. The source neutron spectrum used was that
produced by 16 MeV deuterons on a thick beryllium target (similar to the
Hammersmith neutron therapy beam).
Two methods of calculation were employed, Monte Carlo (MORSE code) and
two-dimensional SN (DOT code), and good agreement obtained between them. The
Monte Carlo code used a next-flight estimator to calculate fluxes on the
central axis, while a collision density estimator was used to obtain fluxes
averaged over the source area.
The most significant conclusion of the work is that there is little
change in the central axis spectra for depths beyond 1 cm in the tissue.
However, the interior spectra are noticeably different from the source
spectrum. The interior spectra can be approximately described as similar to
the source spectrum from 6.5 to 15 MeV, but from 6.5 to 0.7 MeV the calculated
spectra are nearly flat and the source spectrum decreases.
Further work using different source spectra is in progress.
6.4 Inverse Reaction Problem
(a) Effective pole potentials [J.L. Cook, E. Clayton, E.K. Rose, B.E.
Clancy]
In earlier work, a reaction matrix theory was developed which allowed the
determination of both local and non-local central potentials which fitted
pion-nucleon scattering data. The effective local potentials were energydependent and exhibited three main features: high barriers, deep wells and
poles. The occurrence of these poles aroused interest in the properties of
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such singularities in the potential energy, and further investigations were
made.
The Newtonian and special relativistic equations were solved for the
orbits of particles in such a potential. Within the boundary of the
singularity, particles are permanently confined and travel in rosette-shaped
orbits. No matter how high the kinetic energy, they cannot separate.
In
external orbits, particles of high kinetic energy or orbital angular momentum
have trajectories of processing ellipses. If the initial kinetic energy drops
below a critical value, the orbits become spirals ending on the surface of the
singularity.
The quantum-mechanical picture is somewhat similar. The infinite barrier
represented by the pole gives an infinite lifetime to a two-body state inside
the singularity. If the pole radius is small, bound states result in which
energy levels for s-states are identical to that for coulomb potential, and
the s-state wave functions are the same as for the coulomb case. Higher tstates show a line splitting of 0(a ). Similarly, the partial wave amplitudes
for s-wave scattering are the same as for coulomb scattering, with slight
corrections applicable for higher partial waves.
We concluded that such poles, if they occur microscopically, would be
extremely difficult to distinguish from the coulomb case. Such an interaction
might provide a reasonable model to explain quark-quark confinement.
(b) The Born approximation and the reaction matrix [J.L.

Cook, E.K. Rose]

In present nuclear theories, there are two general descriptions of
elastic scattering. For the direct reactions there is the Butler theory and
subsequent modifications described by Satchler,
and the Wigner-Eisenbud
reaction matrix theory which applies, for example, to low energy compound
nucleus scattering of neutrons from nuclei. In earlier work on the inverse
scattering problem, a constant interaction matrix was defined to represent
free-interacting transition energies. It was found that the K matrix, which
is essentially the tangent of the scattering phase shift, entered into the
scattering state equation in such a way as to produce an exact solution for
1. Butler, S.T. [1950] - Phys. Rev., 80:1095.
2. Satchler, 6.R. [1978] - Rev. Mod. Phys., 50:1.
3. Wigner, E.P. and Eisenbud, L. [1947] - Phys. Rev., 72:29.
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finite range forces, in terms of reaction matrix parameters.
It was then discovered that iterating the Born approximation assumption
in the scattering state equation allowed an exact expression for the n*n
iteration K-matrix. The n iteration generated a simple power series which
could be extended to an infinity of iterations, and the power series was
summed. The surprising conclusion was that even the sum of the series only
approximated the exact result derived previously and was only accurate (i) for
small values of the coupling constant, and (ii) well away from strong
resonances. The case of the Yukawa potential actually allows analytic
expressions for the interaction matrix. Further studies showed that
scattering from a truncated pole potential could be determined analytically in
the first Born approximation, and the resulting diffraction patterns in the
angular distributions are not unlike those of the Butler theory. Quantitative
calculations are continuing.
6.5 Pressure Dependence of Plasma Formation under Laser Irradiation
[A. Rose]
The TEA C02 laser is operating satisfactorily at energies up to 15 J on a
routine basis. Problems with high-voltage induced radiofrequency 'noise1 were
overcome with suitable shielding.
An optical system comprising mirrors, beam splitters, lenses and
photodiodes, in conjunction with suitable electronics, has been set up. It
enables the gas breakdown to be examined and data accumulated automatically.
Delays caused by problems with vacuum gauges have now been eliminated. The
gas breakdown studies were further extended by the introduction of a high
energy (20 0) ruby laser after considerable effort had been devoted to making
this unit operational.
At this time, interest was shown in laser annealing of semiconductor
materials using pulsed ruby lasers. This interest has grown.
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6.6 Laser Annealing of Semiconductor Materials
[A. Rose]
High-power laser radiation has been successfully used to anneal the
regions in silicon which have been damaged during the ion implantation
process. Furthermore, the effects of laser annealing can be confined to the
damaged regions by the proper choice of wavelength energy and pulse duration
time.
A ruby laser borrowed from Sydney University is ideally suited to the
above and has been successfully used to anneal a number of silico1^ samples
which had been implanted with ions of phosphorus and boron by Dr Williams of
RMIT. This program has been very successful.
The possibility of using laser irradiation to diffuse dopants into
semiconductor materials is being investigated in conjunction with
Instrumentation and Control Division.
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TABLE 1
COMPARISON OF LWR FUEL COMPOSITION ON DISCHARGE
% Difference of Published
Results from Present Work
Cohen (1977) 1)

ERDA-76-432)

g/TeU

NEACRP/L2133)

Present Work

3.3

3.3

3.3*

3.3

33000

25000

363000

33000

150

160

0

0

Np

+3

+3

-1

461

238pu

+51

+13

-4

146

239 pu

-12

+5

5440

-4

+8

2290

-22

-21

1310

-34

-22
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Enrichment( /o)
Burn-up (MWd/TeU)
Cooling time (d)
Isotope
237

2

"°PU

<5C |
&O 1

1 *>
X^

2l 2m

0.6

» Am
2 3

" Am

0 |± 2

***

(
-2 )

-22
-3

87

-19

16

+53

0.3

+28

-5

20

+125

-88

0.9

Crn

-45

Cm

-71

Cm

40

-34

^Assumed for comparison
Cohen, B. L. (1977) - High-level radioactive waste from light water reactors
Rev. Mod. Phys. 49, 1-20.
ERDA-76-43 (1976) - Alternatives for managing wastes from reactors and postfission operations in the LWR fuel cycle.
formation and decay in light water and fast breeder reactors.

NEACRP/L213.
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TABLE 2
CONSERVATION EQUATIONS FOR TRANS-SONIC FLOW
Flow at Positive Boundary
No. of mass equations

Negative

No. of momentum equations

Supersonic

Positive
Subsonic Supersonic

No. of outward characteristics
Negative

1

2

2

Supersonic

1

1

2

2

3

4

1

1

2

0

1

1

1

2

3

Positive

0

1

1

Supersonic

0

0

1

0

1

2

FLOW
AT

NEGATIVE

Subsonic

BOUNDARY
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TABLE 3
COMPARISON OF CALCULATED AND MEASURED QUENCH TIME
AND PEAK TEMPERATURE FOR CSNI STANDARD PROBLEM 7

[from Deranz, R. and Tellier, N. (1975) - Draft CSNI Report N55
Comparison Report on OECD-CSNI LOCA Standard Problem No. 7]
Peak temperature (°C)

Quench time

Participant Elevation
m
(Code)
Australia
(NAIAD)

German y-KWU
(HYDROFLUT)

Japan
(REFIA)

USA
(RELAP)

1
1.3

%

bar
%

3 bars
%

+
+
+
+

+ 60

•«• 40
+ 36
+ 60

+
+
+
+

6
7
12
14

-

30
30
24
20

- 10
0
- 20
- 30

+
+
+

2
6
20
33

1
1.3
2
3

- 80
- 80
- 72

- 65
- 75
- 55

?

7

•*•

18
14
2
9

-

7
15
16
13

1
1.3

-

60
67
18
4

+
+

21
13
7
22

+
+
+

1
I
10
16

2
3

1
1.3
2
3

2
3
1.3
2

3
1.3
2

3
1

Sweden

1.3
2

(RELAP)

3

Germany-GRS

1.3
2

(REFLUX)

3

Finland

1.3
2

1

1
(NORCOOLI)

1

3 bars

21
22
12
10

1
Switzerland
(RELAP)

bar

%
+

1
France
(RELAP)

1

3

83
72
43
27

+

!
'

15
7
6
3

- 5
- 6
- 3
0

- 52
- 51
- 42
+ 2

+ 4

- 65
- 65
- 59
- 44

-

7
16
17
15

-

87
88
86
76

-

8
14
14
13

-

41
37
26
5

+ 5
0
+ 6
+ 13

- 13
- 19
- 20
?

+ 7
+ 16

-i+
+
+

11
3
2
2

62

TABLE 4
QUENCH TIMES 2.721 m FROM INLET
T

0

= 900

+ = 5, P = 3

AT = 20, P = 6

*
u
5

7.5

12

17.9

AT

P = 1
AT = 20
JL
_
$
at

0

3
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-18
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-15
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263
-13
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-19
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+10
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221
-11
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-1
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312
-24
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1337
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1309
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1267

+23

—7

-9
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1139
1085

5

7
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1086

1203
1475

+1
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1141
1060

-14
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+34
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-7
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+4
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+25
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-5
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-11
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-17
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-3
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+23
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5
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T
o

600

u

5
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1567
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+5
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% diff

900
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-17
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AT
P
$
u

= inlet temperature
= inlet subcooling
= pressure
= electrical heating
= inlet coolant speed

( C)
(°C)
(bar)
(W cm"2)
(cm s'1)
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TABLE 5
CONVERGENCE ACCELERATION USING DIFFERENT NUMERICAL METHODS

Method

„ ^r°up
Rebalance

No. of Inner
iterations
x 1QOO

Time
(min^
IBM360/65

GS

OFF

138

320.1

GS

ON

101

262.1

MINI

OFF

44

138.9

MINI

ON

40

143.2

TABLE 6
AVERAGE RESONANCE PARAMETERS FOR 86Sr AND 87Sr
Nuclide
(keV)

86Sr

87Sr

0

3.1 ±0.9

£>0

0.59

0
£>0

0.42±0.06
0.14

0.82

<F (£)>

S»D.

(eV)

(eV)

290

180

200C)
d

0.41

30

obs

E
max
(keV)

8

37.2

62

37.2

190

70

160

80

18

14.2

170C)

50

75

14.2

a)The I = 0 resonances were assumed.
b)Average level spacings were obtained from a linear fit to the cumulative
level spacing histogram. (For87Sr, <D > was obtained by fitting the
most linear portion of the histogram for 19 resonances below 8 keV.
Below 3 keV resonances from BNL-325 were also included.)
c)Calculated from the 10 largest values of A = gr T /T, assuming I" % T
and using the appropriate spin factor.
d)Obtained from the T values calculated from known gT

values.
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TABLE 7
Z06

Pb RESONANCE PARAMETERS

E

nr n r y /r

(keV)

(moV)

3.359

109±G

rn l

« <>

|»

(moV

(cV)

0.2510.08

1

2

70120

51±6

1

1

265115

4016

1

1

275130

89110

1

1

<5

6.211.4

1

2

65115

10.87

45±5

11.30

59*5

14.22

10417

16.44

750+35

19.75

10917

19.81

13518

21.89

21111J

25.12

44012 t

25.43

265115

32.20

3fil8

36.21

275130

37.47

335125

39.04

100110

40.65

127113

42.07

835145

47.49

<5

47.53

168130

53.91

130125

59.23

635155

(2)

63.95

490150

(2)

66.00

12501100

8519

0

1

12701100

66.60

270135

1012

1

2

135120

70.28

58124

1013

1

1

58125

78.02

44115

(11)

1

2

22110
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TABLE 7 (Cont'd)

E

(keV)

gr n r-,-'/r
(moV)

r n!

e

9

(ineV)

(eV)

2

2

97110

1

1

82.92

220130

2

83.00

500150

(2)

86.13

50±30

1614

od.-U

U40i«0

H±?

90.12

215150

91.74

580155

92.61

80.35

23901150

82.70

(7)

r ~i

13001100

1

1

50130

t

3

325+30

7518

1

2

110125

1375175

3215

0

1

1440180

94.75

460150

712

2

2

240125

101.20

220140

812

2

3

75115

111.20

120150

3014

1

2

60130

114.44

18601100

2.510.7

(1)

(2)

14801400

114.70

385125

5.611.1

2

(3)

130110

115.63

290160

5.711.1

1

(2)

150130

117.99

890190

5.111.2

->*•

(3)

315130

123.11

65135

3515

1

1

65135

124.60

43101250

1

2

21801130

125.20

73004350

2114

2

(2)

44201180

140±50

35401300

103115

2

2

18001150

140195

195120

2815

1

2

98110

142.20

150180

1212

1

1

150180

M4.65

3601180

3.111.0

(2)

(2)

1901100

146.20

51001250

176115

0

1

52501250

149.87

525±270

598125

1

2

2601140

200i50a)
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TABLE 7 (Cont'd)

E

(koV)

gr n r/r
UUuV)

rn l

*

g

in

(uV)

150.82

240±25

4.4±1.5

(i)

(i)

250±25

150.99

1280 ±130

19 + 3

2

3

440+50

152.02

160+90

0.5±0.2

(2)

(3)

60+50

153.25

365+180

10+3

1

1

375±180

155.22

375 ±70

160.01

140±80

68+7

1

2

70+40

161.56

380 ±70

0.6±0.2

(2)

(3)

]60±30

169.41

950±100

172.65

190±80

73+8

1

2

96±45

173.75

775+90

47+5

2

(2)

390+45

175.73

625+100

13±4

1

2

320+50

177.50

775+90

181.40

1070+120

27+6

1

2

545+65

183.20

230±110

185.42

95+60

188.78

100±70

200+20

1

2

50 + 35

189.50

410+100

190.71

100±60

97+13

1

1

100+60

191.27

565+100

196.80

90 ±60

64±15

1

1

90±60

198.34

66 10 ±350

132±17

2

2

3390+180

200.48

1765+200

12±3

1

2

950±100

204 . 10

1350±150

235±25

2

2

680+80

207.82

125+70

2 17 3± 100

"o

i

125±70

209.73

595±80
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TABLE 7 (Cont'd)

E

(keV)

y
g

r nrV/r
(meV)

rn i

I

9

(eV)

r

Y
(tneV)

*•» ii.u- • u
••* Jr
—

-tJGiSu

213.75

930+200

2217

2

(2)

475+100

217.10

410+150

1013

1

2

210+75

217.77

75+40

2217

1

1

76+40

218.16

30±30

6.210.2

(1)

(1)

30130

220.50

850+200

0

1

850+200

225.00

1601100

227.74

700+200

229.27

40±40

3515

1

2

20120

230.00

480±200

4017

2

3

160170

231.50

4301200

235.30

26101300

107+12

1

2

1320+150

241.30

13451250

3917

1

2

685+125

243.00

5351200

250.68

4351200

5218

2

3

145170

254.79

3001150

256.88

18501400

1427190

0

1

18501400

260.12

4351120

260.67

4651130

262.88

1751150

5418

1

2

90180

265.35

14001280

4017

2

2

7151150

268.76

55150

106113

1

2

30130

269.51

40140

3116

0

1

40140

273.94

6001250

5318

2

(2)

3001125

274.51

180+80

3216

1

(1)

180180

1407180
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TABLE 7 (Cont'd)

E

(keV)

gr n iyr
(meV)

r/

i

g

(eV)

r

Y
(meV)

276.40

62551600

112114

2

2

32201300

278.40

5001200

100112

2

3

165170

280.28

12351400

171118

1

1

12451400

283.37

<20

133114

1

2

<20

289.25

4001100

289.36

3701120

291. BO

2201100

294.30

2401150

110112

1

2

120175

297.50

12701350

113112

0

1

12801360

298.19

95130

62±9

1

1

95130

299.50

11751350

303.6

11901320

306.1

<50

7318

1

1

<50

311.8

3551150

2.210.9

(2)

(3)

125160

313.2

25701260

2217

2

2

13651140

314.2

15601160

179120

2

3

520160

319.1

17551200

164116

2

2

8801100

324.3

4801250

5517

1

2

2401130

326.0

60160

4917

1

1

60160

328.0

11001230

4416

1

(2)

5601120

328.5

4701100

6.312.0

(2)

(3)

160140

332.8

10001300

335.8

2601150

336.7

1501100

128117

2

(2)

75150

338.8

10501320
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TABLE 7 (Cont'd)
E

(keV)

yi' r /T

r *

(meV)

(eV)

3.11.3

3470*300

344.8

9101200

3453.

51101500

350.3

50401510

354.0

e

g

r
(meV)

109801600

0

580160

52991400

0

356.8

67201700

455150

383.5

13001350

281135

384.0

21501400

44471300

0

386.3

18101400

396.5

680011000

43961300

0

405.5

68501750

102120

406.8

27801250

414.5

22501400

50112

416.0

52601450

307140

418.5

48401500

63631600

425.5

76601800

432.8

1160011000

441.3

54901900

109115

451.8

550011000

3619

454.8

22001600

2517

465.5

86001900

47015

57001900

476.5

26001500

484.5

29001900

489.5

73001800

0
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TABLE 7 (Cont'd)
E
(keV)

gr
r /r
y
nY
(mev)

494.3

12500±1500

501. 3

6700i900

510.3

1030011000

520.8

4700±900

523.3

29001900

530.5

21001800

532.8

38001700

549.5

75001900

563.5

390011200

57.18

a

gy

rY
(meV)

(eV)

9166±600

0

160±14

0

12.5±1.5

1360011500

579.0

460011800

590.0

27001800

596.3

930012000

607.5

620011200

611.0

1430011800

614.5

rnx

590011200

620.5

1650014000

626.5

720011400

631.0

320011200

635.5

1510011900

647.0

330012000

652.0

1820012000

^Horen, D. J. Harvey, J. A. and Hill, N. W. - Study of 206Pb+n
resonances for E > 25-600 keV, Phys. Rev. (to be published)
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TABLE 8
AVERAGE RADIATIVE WIDTHS IN 206Pb

Compound Nucleus Spin

3/ ~

*/2

<F >

(eV)

1.5110.6

0.2210.06

0.3810.08

0.4810.07

a

(eV)

1.5

0.3

0.5

0.8

<0 V>

'

(30 keV)

14.710.80 mb
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TABLE 9
COMPARISON OF U AND Th CONTENT OF ORE SAMPLES AS MEASURED
BY PIXE AND DNA

Sample

Matrix

Nominal
Th

nxE
Th

KSA
Th

"oiulnal
0

FIXE
U

DKA
U

1

C

10

-

-

-

2

C

25

-

25±24

-

-

-

3

C

100

-

97±36

-

-

-

4

C

50

-

51±24

-

-

-

5

C

75

7248

61+30

-

-

-

6

C

150

207±21

173±33

-

-

-

7

C

250

408130

400+50

-

-

-

8

C

-

-

-

10

12±3

10.2±0.6

9

C

-

-

-

25

25+6

31±6

13±4

10

C

-

-

-

50

43±6

47±6

11

C

-

-

-

75

82 ±10

66+6

12

C

-

-

-

100

75±8

79±6

13

C

-

-

-

150

m±u

135±9

14

C

-

-

-

250

248±15

229 ±9

15

C

447

409 ±30

464 ±60

-

-

-

16

C

809

804 ±40

806±70

-

-

-

17

C

-

-

-

431

276±16

407±15

18

C

-

-

-

492

698±42

716±30

19

C

-

-

-

998

888±44

996+30

20

C

25

30 ±8

25

35 ±6

38±6

28±21

21

C

75

93±33

75

111±11

108+6

22

C

150

209+21

147±42

150

235±15

181±12

23

C

1833

1841±55

1832±110

-

-

-

2282±68

2 186 ±120

-

-

-

4.3

92±9

24

C

2207

25

C

7.8

8±2

26

C

104

99+10

109 ±36

3±1

-

S.3±1.2
184 ±9

174

201±16

174±6

27

C

1,4

-

-

169

272±18

28

C

1.6

-

-

450

419±30

465+12

29

Ore

78

56±7

93±30

43

43±8

43±6

30

Ore

83

67±8

68±27

43

47±8

41+6

31

13.6

22±5

33

Ore
Ore
Ore

34

SY2E

35

GSP1

104

36

C

3928

37

C

-

-

38

C

-

-

32

1043

1246±60

16

19 ±6

370

404+30

-

1686

1718±80

1767±150

1254±100

1740

1817±80

1784±150

-

4500

4511±150

4648+120

381+48

290

281±18

298±18

98±10

95+12

2.0

-

3.9±1.5

3739±113

3938±160

-

-

-

1680

1248±60

1224±36

-

3584

3323±100

3400±90

TABLE 10
ELEMENTAL CONCENTRATIONS (yg g"1)

Element

Healthy
Enamel

Decayed
Enamel

Healthy
Dentine

Decayed
Dentine

Cementum

Ca %
P %
Ca/P ratio

36.0 ±3.2

23.3, 28.4

31.2 ±2.0

16.1 ±1.5

8.9, 12.8

14.0 ±1.8

2.62, 2.22

Ca % filter
Na

31.5 ±2.1

25.4 ±4.6

2.30±0.18
31.5 ±1.1

1700-2600

3400

2000-2300

31.8 ±0.5
14.4 ±0.1
2.21±0.04
31.3 ±0.9
5700-9400

1000-1100

1500

3000-8000

2200-7600

3100-8900

1000-1350

4000-5200

700

1400-2300

700-1300

1600-2800

1000-1500

2500-2600

70, 240, 5000

250

10-30

20-50

15-35

15-50

5-30

20-40

1C-30

15-30

10-25

5-25

5-25

10-20

5-20

5-10

5-30

15-100

10-70

15-30

10-30

10-50

5-15

400-700

5-50

10-100

15-40

10-30

100-200

15-50

20-100

15-50

Mg
S
Cl
V
Cr
Mn
Fe
Ni
Cu

Zn
Sr
Pb

2.2310.05

1

100-300

4500-23000

200-900

200-30 " '

100-150
<10

170-250
80-150

110-150
10-30

120-400
10-50

29.7 ±2.0
13.0 ±1.1

2.28±0.11
29.0 ±2.3
3000-14000

6000-11000
120-190
90-150

-J
CO
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TABLE 11
CONCENTRATION OF TRACE ELEMENTS IN Si WAFERS (yg g"1)

pg g~!

ug g'1

Mean
for all wafers
ug g"1

Cr

9±1

186 ±13

70±60

Mn

6.4+1.0

34±3

22±7

Fe

116±7

Ni

High

Low

Element

695 ±35

270±110

43±3

139±6

79 ±30

Cu

2.0±0.4

14±2

5±5

Zn

3.010.5

4.0+0.5

4 0 0±0.6

TABLE 12
THICK TARGET y-RAY YIELDS
Yield/iiC/sr

Yield/uC/Sr
Element

Element
(kev)

F

Na

Al

439

1.5
3.5

10*
10s

4.7
2.4

106
106

3.95
3.1
5.0
5.0
6.26
1.4

103
10"
102
103
103
10"

3.7
1.1
9.8
4.8
1.1
2.4

10"
10s
102
10"
103
105

1.3
2.5
4.0
1.1
6.0
5.15

103
10"
10"
10"
103
102

1.3
2.2
4.4
5.6
9.0
1.6

10"
10s
10s
10"
103
103

4.8
4.0

103
102

Mo

Ag

170
843

1013
1368
1778
2836
Si

-

1273
1778

-

Ti

984

6.6

V

320

5.3

Cr

379

1292
Mn

413
847
933

1038

102

2.4

10"

103

3.4

.10"

102

8.7
1.0
3.3
2.4
3.4

102
103
103
103
102

4.2
3.1
1.6
6.9
2.4

103
103
10"
103
103

2.8
4.7
1.3

102
102
102

1.7
1.0
8.7
2.9

103
103
102
102

2.8
1.0

102
102

5.0
8.1

102
102

425

1.48
1.16
7.9
1.8

103
103
102
102

4.6
4.2
3.3
3.5

103
10s
103
103

279

2.2

102

2.0

103

834
992

1039
1315

Zn

320
574
874

204
536
309
325
414

2.8
2.1

10"
103

103
103
102
102

4.1
1.4
1.1
1.3

10" Au
JO"
10s
103

102
102
-

1078

3.8
103
8.2 . 102
4.9
4.3
7.2
6.1

3.6

809

10
106
106

1013
1368

102

Cu

4.3
6.4
9.2

976

1.5

476

10
106
106

843

103
10"
102
103
103
103

Ni

1.9
2.4
5.5

586

103
102
102

3.0
1.2
1.2
3.3
1.4
1.1

1.4
5.3
4.4

6

6131
6917
7115

390

E = 2.0 MeV E = 2.5 MeV
P
P
2.5
3.5

Fe
6

Y
(kev)

354
847
1266
1379
1760
1922

197

1643

Mg

E » 2.0 MeV E = 2.5 MeV
P
P

E

-

75

TABLE 13
ACCELERATOR TIME ALLOCATION
1 OCTOBER 1978 TO 30 SEPTEMBER 1979
Category

Experiment Title

Applications

PIXE, PIGME, RBS

Neutron Physics Fission

Irradiations

Origin
Physics, AINSE

Hours
1701

Physics

905

Neutron Capture

Physics, Wollongong

883

Nucleosynthesis

Physics, Isotopes, WAIT

263

Blood cells

Queensland, AINSE

Tests

25
169

Total running

3946

Maintenance

1187

Unused

3745

Unattended operation

1623

-CA
0

2

^

6

8

T I HL f c, 3
Figure 1

7.1.6.

.

r —•

Calculated mass flow at Inlet and outlet for CSNI
standard problem 1

r

2 02

'

d 'jh
TIlL

Figure 2

fi]

Calculated pressure at the heater inlet with time
for standard problem 1

78

Figure 3

Calculated exit quality for CSNI standard problem 1

O72

0-64

T

I

I

I

I

Exponential power rise
2ft head
O psig- system pressure

O-56
O-48
u
u

uj O4O

Run period
32 619ms
35 53Oms
38 446ms
41 244ms

50-32

Initiating temp.

83° C
8O°C
7O°C
Calculation by
mixing model
Calculated thermal
expansion T- 619ms
Calculated thermal
expansion T= 244ms

65
75
85 95
1O5
PLATE TEMPERATURE -°C
Figure 4

Transient water displacement as a function of plate
temperature in reactor type power excursions

80

I - Back et al.
II - Goldstone et al.
III Just et al.

O

Figure 5

O2

O3
O4
ENERGY (MeV)

O5

O6

Anisotropy (I(0)/I(90)) for 233,
"°U fission fragments
as a function of energy.

O7

00

*
570
cm

70
cm r"
Figure 6

38

"

cm

31

^

Schematic diagram of channelling equipment

cm

'

82

B
;»£&
.*&£!

A - Fluid inclusion
B - Coloration around
original position
of inclusion

Figure 7

Schematic representation of colour decoration of a
halite crystal containing flu.id inclusions

83

COMPARISON OF PIXE AND NEUTRON ACTIVATION
10*
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Comparison of U and Th concentrations measured by
PIXE and neutron activation techniques
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Sample chamber used In PIXE-PIGME measurements
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PREFACE

The Research Establishment Progress Report is a technical report
dealing with work done in the twelve month period ending September 30
each year.
For convenience of readers, this Progress Report is published in
two parts. Part I contains reports from those Research Establishment
Divisions whose work is concerned largely with research; progress in
the work of remaining Divisions and Departments, which is largely
service oriented, is described in Part II. Each part contains its
own overall contents sheet and each sub-division of each part, its
individual contents list. Note that these sub-divisions are
independently paginated.
Wherever possible, the names of staff responsible for the work
being reported are given.
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Figure 13 PIXE K-yield for teeth
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Figure 15 Gamma ray yields from proton irradiation of various
elements
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Figure 16 Percentage difference between the calculated yield of
Y-rays from proton irradiation of Al, Na or F, and
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