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WEDNESDAY. 20TH NOVEMBER 1991 - LABY THEATRE

TIME

10.00 Opening Remarks - Conference President
Dr. S.H. Sie (CSIRO)

SESSION I REVIEW OF METHODS AND FACILITIES
Chairman: Dr. S.H. Sie (CSIRO)

10.10 Recent Developments in Accelerator Mass Spectrometry.
R.K.. Moniot (Fordham University, USA)

10.40 Ion Microprobes - Present and Future Development. G.J.F. Legge,
A. Saint (Univ. of Melbourne)

11.00 Three Dimensional STIM Tomography. G. Bench, A. Saint,
M. Cholewa, G.J.F. Legge (Univ. of Melbourne)

11.20 Effects of Fringe Neutrals in SIMS. G.C. Morris. B.J. Wood (Univ.
of Queensland)

11.40 Enhanced Depth and Mass Resolution with HIRBS. Y. Qing,
D.J. O'Connor, R.J. MacDonald (Univ. of Newcastle)

12.00 The Australian National Tandem for Applied Research
(ANTARES). J.W. Boldeman. P.J. Ellis, J.P. Fallon, S. Jane,
R. Sanders, D. Rice, K. Thorpe (ANSTO)

12.30 LUNCH

SESSION II GEOLOGY AND MINERALOGY
Chairman: Dr. G.J.F. Legge (Univ. of Melbourne)

1.30 Deep PIXE: Finding Diamonds with the Proton Microprobe.
W.L. Griffin, C.G. Ryan (CSIRO)

2.00 AMS with the Rutgers Tandem. C. Tuniz (ANSTO)

2.20 Recent Advances in PIXE Microanalysis at the CSIRO. C.G. Rvan.
G.F. Suter, W.L. Griffin, S.H. Sie, T.T. Win (CSIRO), C.A. Heinrich
(Bureau of Mineal Resources)

2.40 A Proton Microprobe Study of Metasomatism in the Upper Mantle.
A. Grieg, I. Nicholls (Monash Univ.), S. Sie (CSIRO)

3.00 Radiocarbon Measurement at the CSIRO AMS Facility. S.H. Sie.
F. Leancy, G.F. Suter, C.G. Ryan (CSIRO), R. Gillespie (ANU)

3.20 AFTERNOON TEA
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SESSION III SURFACES AND INTERFACES
Chairman: Dr. D.J. O'Connor (Univ. of Newcastle)

3.40 Low Energy Ion Beam Epitaxy and Damage: An Ion Scattering
Study. K.G. Orrman-Rossiter (RMIT), A.H. Al-Bayati,
D.G. Armour (Univ. of Salford, UK)

4.00 Ion Beam Mixing in SIMS Profiling of Thin Buried Layers.
M. Petravic. R.G. EUiman, J.S. Williams (ANU)

4.20 Scanning Tunnelling Microscopy at Griffith University.
A.P. Trost. D.R. Cousens, S. Myhra, P.S. Turner (Griffith Univ.)

4.40 Ion Beam Mixed Tellurium Ohmic Contracts to n-GaAs.
K. Prasad, G.H. Winton, L. Faraone, A.G. Nassibian (U.W.A.),
D.D. Cohen (ANSTO)

5.00 Ion Beam Induced Epitaxial Crystallization of Sapphire.

W. Zhou, D.K. Sood (RMIT), R.G. EMman, M.C. Ridgway (ANU)

5.20 TOUR Univ. of Melbourne Microanalytical Research Centre

5.40 TOUR RMIT

6.40 BBQ RMIT
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THURSDAY. 2IST NOVEMBER. 1991 - LABY THEATRE

TIME

SESSION IV MATERIALS SCIENCE
Chairman: Dr. D.D. Conen (ANSTO)

8.30 Modification and Analysis by Ion Beams in Studies of
Semiconductor Devices. B.G. Svensson (ANU)

9.00 Applications of Hydrogen Profiling in Polymer Science.
H.R. Brown (ANU)

9.30 RBS Analysis of Electrochromic WO3/ITO Layers.
P. Green. C.J. Fell, J. Bell (UTS), M.J. Kenny,
L.S. Wielunski (CSIRO),

9.50 Progress in Ion Beam Optimization of Materials.
Z. Shichang (Shanghai Inst. of Metallurgy, China)

10.10 Dcchannelling due to Nuclear Microprobe Induced Swelling.

S.P. Doolev. D.N. Jamieson (Univ. of Melbourne)

10.30 MORNING TEA

SESSION V INDUSTRIAL APPLICATIONS
Chairman: Prof. J.S. Williams (ANU)

10.50 New Applications of Accelerator Mass Spectrometry.
J.C. Davis (Lawrence Livermore Nat. Univ., USA)

11.20 High Dose Titanium Implantation of Silicon. P.J. Evans,
E.P. Johnson, G. Lumpkin (ANSTO), I.G. Brown (Lawrence Berkeley
Lab., USA)

11.40 Neutrons, Moisture and Concrete. R.L. Walsh. W.J. Crawford
(ANSTO)

12.00 Nanohardness, Friction and Wear Properties of Nitrogen Ion
Implanted Ti-6A1-4V Alloy. V.C. Nath, D.K. Sood,
R.R. Manory (RMIT)

12.20 Application of Nuclear Techniques to Analysis of Tellurides - A
Review. G.N. Pain (Telecom Aust. Res. Labs.)

12.50 LUNCH

SESSION VI INDUSTRIAL AND ENVIRONMENTAL APPLICATIONS I
Chairman: Dr. J.R. Bird (ANSTO)

150 Surface Analytical Techniques Applied to Minerals Processing.
R.St.C. Smart (Univ. of South Aust.)

2.20 Accelerator Based IBA Techniques in Aerosol Paniculate Studies at
ANSTO. P.P. Cohen. H. Noorman, P. Garton, E. Stelcer (ANSTO)



THURSDAY. 2IST NOVEMBER 1991 - LABY THEATRE

TIME

SESSION VII WORKSHOP
NUCLEAR TECHNIQUES AND APPLICATIONS: PROGRESS
AND PROSPECTS
Chairman: Prof. J.S. Williams (ANU)

2.40 Introduction: Prof. J.S. Williams

2.50 D.D. Cohen (ANSTO) - Accelerator Based Ion Beam Analysis.

3.00 J.C. Davis (Lawrance Livermore) - Accelerator Mass Spectrometry.

3.10 G.J.F. Lcgge (Univ. of Melbourne)

3.20 AFTERNOON TEA

SOME EXAMPLES OF APPLICATIONS
3.40 J.J. Fardy (ANSTO)

3.45 R.L. Walsh (ANSTO)

3.50 D.K. Sood (RMIT)

3.55 W.L. Griffin (CSIRO)

4.00 Industry Perspective

4.20 Industry Perspective

4.40 Panel Discussion

SESSION VIII

5.00

POSTER SESSION

Determination of Site Substitution of Nb and Zr in Chrome Spinels
by AEM and ALCHEMI. T.J. White (Univ. of Queensland), D.R.
Cousens. P.S. Turner (Griffith Univ.), W.L. Griffin (CSIRO)

Time-of-flight Energy Detector for High-energy Heavy Ions.
Z. Fang. D.J. O'Connor (Univ. of Newcastle)

Scanning Tunnelling Microscopy of Biological Molecules.
G.F. Cotterill. J.S. Gani, D.J. O'Connor, R.J. MacDonald, G.F. Burns
(Univ. of Newcastle)

Skipping Motion. S. Smith, D.J. O'Connor (Univ. of Newcastle)

Accelerator Mass Spectrometry at Lucas Heights: Potential, Plans
and First Experience. C. Tuniz. J.R. Bird, D. Fink, A.M. Smith
(ANSTO)

The Lucas Heights Obsidian Program. J.R. Bird, N. Shahgholi
(ANSTO)
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SESSION VIII

5.00

POSTER SESSION (cont'd)

Hydrogen Measurements by Elastic Recoil Analysis. A. Hoffman,
D.D. Cohen, A. Croal (ANSTO), D. Haneman, H. Jafr (UNSW)

Nuclear Reaction Analysis of Carbon and Oxygen Using He Ion
Beams. N. Dvtlewski. G.M. Bailey, D.D. Cohen (ANSTO)

Surface Structure and Optimisation of MOCVD grown Mercury
Cadmium Telluride by Ion Beam Analysis. L.S. Wielunski.
M.J. Kenny (CSIRO)

Surface Composition of Biomedical Components by Ion Beam
Analysis. M.J. Kenny. L.S. Wielunski, G.R. Baxter (CSIRO)

A Study of Experimental Simulation of Mantle Metasomatism by
the Proton Microprobe. S.H. Sie. G.F. Suter (CSIRO), R.J. Sweeney,
D.H. Green (Univ. of Tasmania)

A Study of VMS Ore Deposits by the Proton Microprobe.
D.L. Huston. R.R. Large, R.S. Bottrill (Univ. of Tasmania),
S.H. Sie, C.G. Ryan (CSIRO)

Dynamic Analysis: On-line Quantitative PIXE Analysis
Simultaneous with Data Collection. C.G. Ryan (CSIRO)

Determination of Trace Element Partition Coefficients from
Experiments at High Pressure using the Proton Microprobe.
S.H. Sic (CSIRO), T.H. Green, J. Adam (Macquarie Univ.)

Recent Developments in AMS at ANU. L.K. Fifield. G.L. Allan,
M.J. Stuckings, T.R. Ophel (ANU)

On Annealing of Kr Implanted Ni - an experimental study using
RBS and Channeling. Z. Rao. J.S. Williams (ANU),
D.K. Sood (RMIT)

A RBS-C Study of the Annealing of Mg Implanted Single Crystal
Ni. Z. Rao. J.S. Williams (ANU), D.K. Sood (RMIT)

Buried S1O2 Layer Formation in Si with an MeV O Ion Beam.
S. Ellineboe. M.C. Ridgeway, R.G. Elliman (ANU),
P.J. Schultz (Univ. of Western Ontario, Canada)

Cross-Sectional TEM Investigation of Ion Beam Irradiated Glassy
Carbon prepared by Ultramicrotomy. D. McCulloch (RMIT),
S. Prawer (Univ. of Melbourne)

A Model of Light Ion Microbeam Damage in Single Crystals.
S.P. Doolev. D.N. Jamieson (Univ. of Melbourne)
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TIME

SESSION VIII

5.00

7.15

POSTER SESSION (cont'd)

Measurement of (p,p) Elastic Cross Sections for Light Elements.
R. Amirikas. D.N. Jamieson (Univ. of Melbourne)

Fabrication of High Aspect Ratio Microstructures using MeV
Proton Beams. L.M. Mason, D.N. Jamieson, K.A. Nugent,
A. Roberts, A. Saint (Univ. of Melbourne)

The Application of Single Ions Using an Ion Microprobe.
J.S. Laird, A. Saint, G.R. Moloney, G.J.F Legge (Univ. of
Melbourne)

A Versatile System for the Rapid Collection, Handling and
Graphics Analysis of Multidimensional Data. P.M. O'Brien,
G. Moloney, t\. O'Connor, G.J.F. Legge (Univ. of Melbourne)

Microbeam Damage in Epitaxially Grown MCT on GaAs.
S.P. Russo, P.N. Johnston, R.G. Elliman (RMIT), S.P. Dooley,
D.N. Jamieson (Univ. of Melbourne), G.N. Pain (Telecom Aust. Res.
Labs.)

Damage Accumulation in Oxygen Implanted Sapphire - Substrate
Orientation Dependence. W. Zhou, D.K. Sood (RMIT)

Dry Etching of Indium Phosphide. P. Bond, D. Sengupta,
G.K. Reeves (RMIT)

Electron Beam Modification of Ag Contacts to
S.D. Moss. P.J.K. Paterson, I.K. Snook (RMIT)

CONFERENCE DINNER



FRIDAY. 22ND NOVEMBER 1991 - LABY THEATRE

TIME

SESSION IX BIOLOGY AND MEDICINE
Chairman: Dr. J.W. Boldeman (ANSTO)

8.30 Applications of Synchrotron Radiation to Medical Imaging.
R.F. Garrett (ANSTO)

9.00 Thorium Determination in Urine and Blood Serum by
Chemical/Radiochemical Neutron Activation Analysis.
J.J. Fardv (ANSTO), G. Hcwson (Dept. of Mines)

9.20 Probe Microanalysis of Aragonitic Structures in Marine Organisms
as a Means of Measuring Population Structure and Mobility.
R.E. Thresher. S.H. Sic (CSIRO)

9.40 The Use of a Scanning Proton Microprobe in AIDS Research.
M. Cholewa, G.J.F. Legge (Univ. of Melbourne), H. Wcigold,
G. Holan (CSIRO), C. Birch (Fairfielo Hospital)

10.00 MORNING TEA

SESSION X TECHNIQUES DEVELOPMENT
Chairman: Mr. J.J. Fardy (ANSTO)

10.20 Perturbed Angular Correlation Methods in Material Science.
A.P. Byrne (ANU)

10.50 High Plateau Nuclear-Enhanced Backscattering Spectrometry.
B.L. Doyle. J.C. Barbour (Sandia Nat. Lab., USA)

11-20 Applications of the Melbourne Nuclear Microprobe to the Analysis
of Single Crystal Materials. D.N. Jamieson (Univ. of Melbourne)

11.40 Detection of Carbon in MOCVD Grown MCT By NRA.
P.N. Johnston, S.P. Russo, R.C. Eirimarr (RMIT), O.D. Cohen,
N. Dytlewski (ANSTO), G.N. Pain (Telecom Aust. Res. Labs.)

12.00 U'NCH



FRIDAY. 22ND NOVEMBER 1991 - LABY THEATRE

TIME

SESSION XI INDUSTRIAL AND ENVIRONMENTAL APPLICATIONS II
Chairman: Dr. J.C. Davis (Lawrence Livermore)

1.00 AMS and the Greenhouse Effect. R.J. Francev fCSIRO)

1.30 AMS at the University of Pennsylvania FN Tandem: Highlights and
Review. P. Fink (ANSTO), R. Middleton, J. Klein (Univ. of
Pennsylvania, USA)

1.50 Continuation of the 36C1 AMS Measurment Program at the ANU.
G.L. Allan. L.K. Fifield, T.R. Ophel, A.R. Chivas, J.O.H. Stone
(ANU), J.R. Kellett, W.R. Evans (Bureau of Mineral Resources),
F.W. Leaney, G.R. Walker (CSIRO)

2.10 3-D PIXE Tomography with Elemental Imaging of Flyash Samples -
a Preliminary Investigation. A. Saint, G. Bench, G. Moloney,
G.J.F. Legge (Univ. of Melbourne)

2.30 Sir Kerr Grant's Desk - An Exercise in Historical Archaeology.
J.R. Prescott. J.R. Patterson, J. Munch (Univ. of Adelaide)

2.50 Closing Remarks - Conference Chairman
Dr. S.H. Sie (CSIRO)

3.00 SOCIAL GATHERING
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Recent Developments in Accelerator Mass Spectrometry
by

R. K. Moniot

Division of Science and Mathematics
Fordham University New York NY 10023 USA

Introduction The unique capabilities of accelerator mass spectrometry (AMS) as an
ultrasensitive measurement technique have been apparent since the late 1970's, when the
technique began to be widely developed[l, 2]. AMS makes use of a particle accelerator
as a mass spectrometer, accelerating the atoms of interest and sending them directly into a
particle detector for counting. Typical operating energies are in the range of 1 to 10 MeV
per nucleon. The beam is passed through magnetic and electrostatic optical elements to
select the desired momentum and energy. Isobars and tails of more-abundant species are
discriminated by energy-loss and total-energy measurements in the detector.

In general, tandem accelerators have proved to be the type of accelerator best suited to
this work. Negative ion sources produce adequate beam intensities, and in many cases
have the added advantage of suppressing isobaric interference.

AMS can be used for measurement of radioisotopes and very-low-abundance stable el-
ements. It has a significant advantage over decay-counting for isotopes with half-lives
longer than about 100 y, because it counts atoms directly without needing to wait for
them to decay. For stable elements, in favorable cases AMS can achieve sensitivities
comparable to or better than neutron-activation analysis. Its advantage over SIMS and
similar techniques is the suppression of molecular interferences. As with SIMS, however,
matrix effects complicate the accurate determination of absolute abundances.

Beginning about 1977, numerous workers have undertaken to establish AMS programs
using previously existing accelerators. See [3] for a survey of the first decade of devel-
opments. The difficulties in achieving reliable, reproducible and accurate results have
been many. Nonetheless, successful AMS facilities have been developed at a number of
tandem labs. Also, during the 80's several machines built specifically for AMS went into
operation at laboratories around the world[4].

Applications Since AMS is a general-purpose measurement technique, its applications
span a wide range of scientific disciplines. They can be grouped into two broad categories:
tracer studies, which can make use of either radioactive or stable species; and chronometry,
based on the decay of a radioactive nuclide.

The following brief survey is necessarily highly selective and incomplete, and is intended
only to give a hint of the many applications of AMS.

Some of the earliest results in AMS were obtained in meteorite research, where abundances
(due to cosmic-ray irradiation) of radioactive nuclides are relatively high as compared
with terrestrial values. In particular, measurements of 10Be and 26A1 have proved useful
in studies of exposure ages and collisional histories of meteorites[5].



Because I0Be is produced abundantly in the atmosphere from spallation of oxygen, it
can be used as a tracer for a variety of geological processes. It has been used to study
subduction of oceanic plates and the interaction of cosmic-rays with solar and geomagnetic
activity[6, 7].

Radiocarbon dating has benefited from AMS. Although the long-established decay-
counting techniques of H C measurement are thoroughly reliable and highly precise, AMS
has found a niche for the analysis of small (as low as 0.1 mg) samples and very old
samples[8].

A considerable amount of effort has been expended toward using 36C1 as a tracer for
hydrologic studies. Interpretation of the measurements has proved to be a complex
problem. Recent work indicates that 129I can be helpful in elucidating the different effects
from atmospheric sources, leaching of underground rock, and mixing with underground
reservoirs of water[9].

AMS can also be used for stable-element analysis. The sensitivity is better than for
conventional SIMS, although generally the spatial resolution achieved to date has not
been as highflO].

Summary New areas of application for AMS continue to be opened up at a rapid pace.
Efforts are under way at several labs to extend the AMS technique to a wider variety of
isotopes, particularly in the higher mass ranges. New techniques are being developed to
improve the reproducibility and accuracy of results, and to achieve greater elimination of
interfering background.

In my talk I will try to summarize what has been achieved to date with AMS, and what
we can expect from it in the near future.
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ION MICROPROBES - PRESENT AND FUTURE DEVELOPMENT

G.J.F. Legge and A. Saint

Micro Analytical Research Centre (MARC),
University of Melbourne, Parkville, VIC 3052

The ion microprobe in a charged particle accelerator laboratory
is a very sensitive instrument for quantitative elemental and
structural microanalysis, now used extensively in pure and
applied research and technology. What are the limitations to
this instrument - can we anticipate three-dimensional spatial
resolution of 1 nm in the foreseeable future ?

This paper is a report on 15 years of progress in ion microprobe
research at MARC. That period has seen major advances in three
areas. The data handling technique of Total Quantitative
Scanning Analysis (TQSA) developed in 1977 has since become
standard in most laboratories. The multiparameter data handling
and fast graphics analysis associated with this technique are
discussed in another paper at this conference by O'Brien et al..
TQSA enabled the development at MARC of several new techniques of
microanalysis - Channeling Contrast Microscopy (CCM), Scanning
Transmission Ion Microscopy (STIM) and Channeling STIM (CSTIM).
These and later developments - stereo STIM, 3-D STIM tomography
and single event studies - are discussed in papers by Saint et
al., Bench et al. and Laird et al.. In this paper we shall
discuss a third area of microprobe research - ion optics - which
has run parallel to the other two programmes and which is the key
to much further progress in ion microprobe work.

Electron microscopes readily achieve spatial resolutions better
than 1 nm. However there are two major differences between them
and the ion microprobes of interest here. Although the electrons
and ions used for elemental microanalysis are necessarily of
similar velocities, the consequently much smaller energy of the
low mass electrons makes very short focal lengths possible, even
with "weak focussing" (axially symmetric solenoid) lenses,
resulting in much smaller aberrations. Another major advantage
lies in the reduced brightness of available electron sources -
10z, 3 x 10a and 106 A rad"2 V"1 for heated tungsten, LaBs and
field emission sources respectively. Compare these with the 5 A
rad"2 nr2 V~i , which is close to optimum for the beams delivered
by modern accelerators. A third difference is the much better
voltage stability achieved for the electron microscope supply.

Over the last 15 years, we have investigated the intrinsic and
parasitic aberrations of strong focusing lenses (1,2) and of
solenoid lenses (3); we have investigated the correction of
aberrations (1,4) and we are studying fringe fields (5,6) and
various lens combinations (7,8). This work is very important and
it will help to improve the resolution for elemental analysis
over the range from 1 micron to 100 nm. However we must
recognize that, in the foreseeable future, we shall not greatly
reduce the focal lengths attainable with high velocity ions. It
is interesting to note that even if our beam of 3 Mev protons



could be focused with the best electron microscope lens (with a
focal length and chromatic aberration coefficient of about 1 mm,
compared with the 200 mm of our present lens), the chromatic
aberration limit on resolution would improve by only a factor of
14. Major gains in resolution will come only from major
improvements in the other factors.

We achieved 50 nm resolution with the STIM technique (9) and, in
so doing, demonstrated the major improvements that follow from
tight aperturing of the microprobe lens. The electron
instruments can use tight aperturing because of their high
brightness beams. The RF sources used in accelerator high
voltage terminals are simple and provide many uA of current but,
although brighter than other accelerator ion sources, cannot
compete in brightness with the low current and complex cryogenic
field ion sources. Therefore, we developed a non-cryogenic field
ionization source for the accelerator terminal, of high
brightness and sufficient current (10,11). We also developed a
new ion source lens (12) and studied the ion optics of the ion
source (12,13), lens (12,14) and accelerator as a whole (12,15-
17). Work is now in progress to install the new source and lens
in the accelerator terminal and to control the terminal with an
infra-red link from a VME terminal. This work requires extensive
work in the terminal and is therefore a long term project.
However it offers great benefits to microprobe work and the only
path to nm resolution. It should be noted that brighter sources
will not achieve the same improved resolution with a microprobe
based on a tandem accelerator, because the improved brightness
would be lost in the accelerator's stripper canal. Therefore it
seems unlikely that such systems will ever achieve nm resolution.

When the microprobe beam is tightly apertured, chromatic
aberrations, which depend on the first power of the aperture
diameter, dominate over higher order aberrations. Hence voltage
stability of the accelerator terminal becomes critical. We plan
to install a cylindrical liner around the terminal (13), and thus
improve this stability from the present 150 to 15 eV or better.
Again, the stripper of a tandem accelerator leads to energy
spread which would prevent full benefit from such stabilization.

What then are the projected performances of an ion microprobe
with these developments ? When used with the present RF ion
source and with 100 pA of current in the focused spot, the
present MARC microprobe lens has a chromatic aberration of 300
nm. The new field ion source is 5 orders of magnitude brighter
than the RF source. If this brightness could be preserved
through the ion source lens and the accelerator column, the
chromatic aberration would reduce to 16 nm and better stability
of the terminal voltage coupled with a modification of the
microprobe lens design could reduce this to 1 nm. Thus the
figure of 1 nm is theoretically achievable for a single ended
accelerator, but only with the major work proposed on the
accelerator ion source, lens and terminal. Our present goals are
100 nm (later 10 nm) elemental analysis and 10 nm (later 1 nm)
STIM. 1 nm elemental analysis and sub-nm STIM are distant goals.

We emphasise these points by showing in figure 1 a 3-D STIM
tomograph, measured with a 50 nm beam spot of 3 MeV protons. The



standard RF source was used by Bench et al. to produce this
tomograph. The sample is an Ir tip - one of those produced by
Allan for operation in his field ionization proton source. If
the accelerator beam had had the brightness of such a source, the
microprobe spot size for the tomograph could have been about 1 nm

Figure 1.
3-dimensional STIM
tomograph of Ir tip
from H field
ionization source.
Ion microprobe beam
of 3 Mev protons
focused to 50 nm
diameter. Use of
a field ionization
source (11) in the
accelerator will
enable much better
resolution to be
achieved.

We have been encouraged in all this work by the need to improve
spatial resolution in elemental analysis, with sensitive
techniques such as Proton Induced X-ray Emission (PIXE) and
Rutherford Back Scattering (RBS), down to well below 100 nm and
to improve STIM resolution (and thereby the resolution of 3-D
STIM tomography) down to a nm or better. Obviously to achieve
such performance, we shall require further work on the
suppression of mechanical instabilities and stray electromagnetic
fields. These effects are already controlled to better than 50
nm in the microprobe beam line and we are confident that we can
achieve at least an order of magnitude improvement. We
anticipate that further work may also be needed on mechanical
stability of the accelerator. However even small improvements
greatly expand the fields of application of the instrument.
This work was supported by the ARC.
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THREE DIMENSIONAL STIM TOMOGRAPHY.

(i.Iiench. A.Saint. M. Cholewa. C;..I.K.I..-gge.

Micro Analytical Research ('nil re, School of Physics. I'diversity of Melbourne,
Parkville, Victoria, :{0.V2, Australia.

'I'lie technique of quant ital ively determining variations in (lie density of matter
using the energy losses ol individual ions in a focussed MeV inicrobeam in coujunc-
tion with computed tomography is called Ion Computed Microtomography or Scanning
Transmission Ion Microscopy (STIM) tomography. STIM tomography can provide high
resolution, fltree dimensional information on microscopic objects without the need for
detailed specimen preparation or invasive examination.

STIM tomography, unlike x-ray computed microl.omography. measures the energy lost
by each ion rather than the fraction of (he radiation absorbed. A number of residual ion
energies, typically 5 to 10 are measured for each sample point. The incident ion energy
is chosen to ensure the primary source of energy loss is interactions between specimen
electrons and the incident ion. The median value of the energy loss distribution is used
as the energy loss value of the sample point. The energy loss is then converted to a
projected density va.lue using tabulated stopping powers and Bragg's additivity rule for
the average specimen chemical composition.

For STIM Tomography with the Melbourne Ion microprobe, a single projection is
made by magnet ically scanning t he beam across i he specimen using a computer controlled
digital scanning system. An unencapsulatod ilamamatsu PIN S1223-01 Photodiode,
placed 3 cm behind the specimen, is used to measure the residual energy of each ion
which passes through the specimen. Owing 1O I he high efficiency with which data can be
collected, object and lens aperture diaphragms can be reduced and incident beams with
a spatial resolution as (ine as 50 mil can be obtained. At each sample point, the beam
dwells until a predetermined number of ions has been recorded before moving on to the
the next point in the scan. A livetinie greyscak- image of the median energies is formed
on a high resolution colour graphics workstation. Data collection for each projection
stops when data in the last point have been collected. The median filtered image is then
stored on disk and the computer is reset for the next projection.

After each projection has been recorded the specimen is rotated a fraction of a. degree
about an axis that, is parallel to the plane of the projection, and the next projection is
measured. The process is repeated until data have been collected for a full 180° rotation
of the specimen. Each projection typically consists of 256 x 256 sample points and the
time required to measure each projection is typically two minutes. Following collection,
the projection data are pre-processed to correct for imperfect specimen manipulation
upon rotation. Individual slices through the specimen are reconstructed through the
specimen using a filtered backprojection algorithm. In order to most efficiently utilise
data for a particular quality reconstruction, the spacing between sample points, D, in a
projection of a slice is chosen to be equal to the spatial resolution of the incident beam.
For a specimen that could be considered to be contained in a circular region of diameter
2/, wl/D evenly spaced projections are usually recorded. The density data from the
individual slices may then be combined to form a three dimensional density image of the
specimen, by use of the program V1KVV developed by the Lawrence Livermore National
Laboratory.

To show the capabilities of three dimensional STIM tomography, Figure 1 shows two
orientations of a full three dimensional reconstruction of a glass micropipette obtained



using VIEW. The scanned portion of the pipette was ~'2") fiui in overall diameter and
70 /nil long. The central channel of the pipette can he clearly seen, as well as several
protrusions and indentations on the pipette surface. 'I he da ta for this image consisted
of 200 projections each containing '250 x '2o(> sample points. The spatial resolution
displayed in the- image is 0.5 //m. The image is a density representation of the pipette
and the average density of the volume elements that constitute the pipette in this image
is ~ '2.0 g/eni 3 . The flexibility of V1KVV allows not only the three dimensional image to
be displayed, but also longitudinal and transverse slices through the specimen.

S'I'IM tomography has also been applied to the examination of several other samples.
Figure 2 shows a series of slices through a I.ilium Lonyiflorum pollen grain. Each image
has dimensions 96 x 9(3 //m. Much structure is seen within the grain.

STIM tomography is a powerful high resolution quanti tat ive, imaging technique. It
has already already found applications in chemistry, material science, bio-medicine and
geo-science. As a sub-micron incident beam spot size can be readily obtained with
STIM, STIM tomography may be preferable to x-ray computed microtomography, for
high resolution studies of objects of size several tens of micron or less as the x-ray
techniqu: is generally limited to a spatial resolution of a few micron. STIM tomography
may also be preferable to x-ray computed microtomography for specimens where small
density variations or low total density make x-ray analysis difficult.

This research was supported by the ARC.

Figure 1 : two views of a full three dimensional reconstruction of a glass pipette. The
pipette is ~ 2 1 ftm in overall diameter and 70 /an long.



Figure 2 : eight reconstructed slices through a pollen grain. Each image has dimensions 96 times 96 micron.
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EFFECTS OF FRINGE NEUTRALS IN SIMS

by

G.C. MORRIS and B.J. WOOD

Department of Chemistry
The University of Queensland, Queensland 4072, Australia

1. INTRODUCTION

Secondary ion mass spectrometry, SIMS, is used routinely to map dopant profiles
in semiconductors and to provide qualitative elemental data in materials analysis. In
our work on II—VI materials used to form thin film solar cells (1), SIMS has proved an
essential qualitative method for comparing sample purities after various preparation and
processing steps (2, 3, 4). Whilst quantitation is desirable in most analyses, it is in
general not possible except in specific cases in which standards of a similar matrix are
available e.g. B doped in Si single crystal (5).

2. GENERAL PRECAUTIONS FOR SIMS DATA

To ensure repeatability for qualitative data obtained on different samples at
different times, a number of precautions must be observed. These include use of a
constant primary ion type; constant energy and current density; constant secondary ion
lens settings; constant sample environment and geometry. Less obvious precautions
must also be taken (6). These include minimization of effects from cross—contamination
(memory) from crater edges and from fringe neutrals. Whilst the problems which arise
from memory effects and edges have been generally discussed (7), there is little
information available on the extent of misinformation which fringe neutrals can
introduce. This paper illustrates the extent of that problem for a particular SIMS
system.

3. FRINGE NEUTRALS EFFECTS ON SIMS DATA

Fringe neutrals caused by energetic, unfocussed, high energy neutral atoms
bombard an area concentric with thotanalysKf and so provide a low level contribution to
the detected SIMS species, particularly for elements on the surface which have high
SIMS sensitivities (7). The extent of the fringe neutrals are expected to be worse for an
ion gun incorporating an in—line electron impact source and a large area secondary ion
lens for extraction of the sputtered ions. The PHI SIMS 1 system with a PHI Model
04—303 ion gun as used for the data reported here is such a system.

To assess the extent of the signals from the fringe neutrals, heavily oxidised
molybdenum cover plates with circular apertures of various sizes were used. The MMo*
secondary ion signal originating from impact of the fringe neutrals when the primary ion
beam passed through the centre of the aperture was measured. The data are shown in
Figure 1. The total 08Mo* signal (from incident ions and neutrals) was measured by
using a similar Mo plate over the aperture. These data are shown in Figure 2.

Figure 3 displays the contribution of the fringe neutrals to the secondary ion
signal as a function of distance from the primary ion beam centre for a beam current of
1/xA at 4 or 5 keV. The data varied with beam current. All data discussed below refer
to beam currents of lfiA and only that data are displayed.
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4. METHODOLOGY NECESSARY TO BYPASS FRINGE NEUTRAL EFFECT

To establish and validate a methodology for obtaining correct SIMS data,
experiments were carried out using a clean Si target. Figures 4-8 show data from a Si
sample and a Si sample covered with an evaporated layer of Cu. Figure 4 displays
SIMS data from the bulk Si. Figure 5 displays SIMS data from the same Si with an
evaporated Cu layer. The Si was etched with a 3mm x 3mm rastered ion beam into the
bulk of the Si and the spectrum obtained with 50% electronic gating. Note the signal
from the 63Cu. In other experiments with a larger raster area and with electronic gating
up to 50%, Cu signals were also obtained, and these signals arose from the unetched
surface with a Cu overlayer. They were shown not to arise from Cu which might have
been deposited on adjacent areas or in the crater formed by ion bombardment.
Electronic gating whilst reducing considerably "crater edge" effects by allowing signal
selection from the flat bottom of the etched crater, had negligible effects on the ion
signal from the unfocussed fringe neutrals impacting a larger area surrounding the
crater. Furthermore, electronic gating caused a drastic reduction in signal intensity (by
a factor of 27 in Ooing from zero to 50% gating) with a corresponding increase in the
minimum detectable limit of an impurity. Compare the Si signal intensities in Figures4
and 5.

Figure 6 displays SIMS data from a 2mm x 2mm rastered beam after making an
8mm x 8mm crater on the Si. Note that Cu signals were still obtained. Hence,
interrogation inside a large crater will also produce false signals from fringe neutrals
bombarding an area outside the 8mm x 8mm crater.

A suitable methodology to avoid signal contamination by ions from fringe neutral
bombardment was proven to involve fixing the sample onto a foot of a smaller size
without mounting hardware e.g. with double—sided tape. An ion beam raster over an
area larger than the sample piece was followed by signal collection from a smaller
rastered region. Hence the surface contamination/overlayer region was removed so that
the fringe neutrals would strike an area with the same composition as the bulk. Figure 7
displays SIMS data from a piece of Si taken after etching the total surface. Absence of
Cu signal confirmed that the Cu signal obtained in Figures 6 and Tarose from fringe
neutrals releasing Cu ions from the areas removed from the ion beam. It is clear from a
comparison of the data in Figure 7 with Figure 4 that the method of using a foot mount
and a total area etch eliminated the effects of secondary ions generated by fringe
neutrals whilst not drastically lowering the sensitivity of the technique.

5. CONCLUSION

With certain types of SIMS equipment, fringe neutrals can provide misleading
data. A methodology to obtain valid data was shown to involve steps (i) mounting of
the sample on a smaller area stub without mounting hardware; (ii) an ion beam etch
larger than the sample area; (iii) data acquisition from a smaller rastered area.
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ENHANCED DEPTH AND MASS RESOLUTION WITH HIRBS
Yang Qing, D.J. O'Connor and R.J. MacDonald

Department of Physics, University of Newcastle NSW 2308

ABSTRACT
A systematic study of the energy loss and straggling of MeV heavy ions has
been conducted and an empirical expression for these terms has allowed the
development of a realistic computer simulation which accurately predicts
the energy spectra for a wide range of energies, projectiles and targets.
In parallel with that study measurements of the depth resolution of Si/Ge
multilayer films using 4-6MeV C projectiles has been used to verify the
simulation.

INTRODUCTION
Advantages of HIRBS
It has been recognized that heavy ion RBS (HIRBS) has several advantages
over conventional RBS using hydrogen or helium ions [1-4]. The principal
advantage of HIRBS is the mass resolution and sensitivity can be improved
appreciably for heavy target isotopes, which has been studied extensively
and applied to material analysis. The specific advantage of HIRBS is the
combination of high mass resolution and depth resolution.

Depth Resolution Contributions
The depth resolution 5t - SE / [S], where [S] is the energy loss factor and
SE is the energy width. A more comprehensive description of the terms
listed above is given elsewhere [3].

The principal terms of interest in 6E are the energy loss straggling
and the multiple scattering SE. The multiple scattering is well
described by a model of Sigmund and Winterbon [5], A systematic literature
search and analysis of all available measurements has lead to a reliable
empirical description of energy loss straggling [6].

From simulations of the scattering of heavy ions from surface it is clear
that not only can the best depth resolution attainable with He at grazing
incidence be achieved with heavy ions but also that the depth resolution
does not degrade as much at higher incidence angles when heavy ions are
used (fig 1).

EXPERIMENT
The scattering of 4-6MeV C off a series of Si/Ge multilayer samples with
different layer thickness has been used to test the estimates resulting
from the empirical formula for straggling of heavy ions and the computer
simulation. The different multilayers have thickness ranging from 100A to
375A of alternating layers of Si and Si/Ge(17%). The multilayers were
chosen as a standard for their near-ideal interface sharpness allowing
accurate measurement of energy straggling with minimum contribution from
interface roughness. The abruptness of the interfaces have been determined
by cross section TEM.
The apparatus used to test the simulation was the 14-UD tandem accelerator
and an Enge magnetic spectrometer [7,8], In all experiments described here
the scattering angle was fixed at 70°.

RESULTS AND DISCUSSIONS
The energy spectra of 4 MeV and 6 MeV C ions scattered from the multilayer
samples of different thicknesses at various angles of beam incidence were
analyzed by least squares fitting of the scattered projectile spectra to
ideal profiles to determine the energy widths at the interfaces. From
these widths the depth resolution was determined by dividing the energy
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width by the stopping power factor. The agreement between simulation and
experiment are good for both 4 and 6 MeV C scattered off the Si/Ge
multilayers (Fig 2). There is agreement on both the angle of incidence
for the minimum depth resolution and the value of the depth resolution at
the minimum. These two parameters are determined by the combination of the
stopping power, the detector energy resolution, the lateral spread and the
energy straggling. As the detector energy resolution for this analyser is
well known and the lateral spread is well characterised, the quality of
agreement attests to the validity of the parameterisatlon described above
for the energy straggling.

A significant discrepancy is observed for the energy spread (and hence the
depth resolution) at large angles of incidence. A typical example is for
the case of 6MeV C at an incidence angle of 35° for which the energy width
is 80 keV while the simulated width is only 44 keV. The lateral spread
and multiple scattering contributions to the total energy spread are
negligible at large incident angle and the detector resolution for C ions
at 4.8 MeV (the leading edge of first layer Ge signal for 6 MeV C) is less
than 35keV. The energy straggling contribution is estimated to be only 21
keV and its contribution decreases with increasing angle which is at
variance with the observed behaviour. The level of disagreement has been
observed to increase monotonically with increasing the probing depth.

One possible explanation for the discrepancy, which could be influenced by
probing depth, is that the additional width has been caused by partial
planar channeling and dechanneling. The channeling will influence the
energy loss and the dechanneling will contribute an additional energy
spread. This is to be tested in a forthcoming series of experiments.

CONCLUSIONS
The use of an empirical formula for energy straggling has significantly
improved computer simulations of the scattering of high energy heavy ions
from solid samples. This is verified by the good agreement observed for
grazing incidence scattering of 4-6MeV C from Si/Ge multilayer samples.
The angle of optimum depth resolution and the value of the depth resolution
agree well. A departure at larger incidence angles is believed to arise
from dechannelling in the target.
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The depth resolution as a function of angle of incidence for 2 MeV He

(a) and C (b) projectiles in silicon. A minimum in the depth

resolution is seen with increasing angle if the analysis depth is

greater than approximately 2 nm.
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attainable on Si/Ge multilayers using a) 4 MeV and b) 6 MeV carbon

projectiles.
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ABSTRACT

The Ansto Tandem accelerator (ANTARES) arrived on the Lucas Heights site
on the 17th September 1989. The accelerator itself was refurbished in the
early part of 1990 and the first milestone, 3.5 MV on terminal, was
achieved on the 27th June 1990. During the later part of 1990 the beam
optics of the accelerator were completely revised, the ion source was
modified and refurbished and an accelerated current of C ions was
obtained (400 nA 1 2C at 4.5 MV terminal voltage) before the end of the
year. A new high resolution injection magnet was installed early this
year. On the 22nd August, 1991, the first detection of C ions was
achieved and subsequent development of this capability will be described
in the paper by Tuniz et al. The present paper will provide a summary of
the performance of the accelerator and will present details of the
development schedule.
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Deep PIXE: Finding Diamonds with the Proton Microprobe

W.L Griffin and C.G. Ryan

CSIRO Div. of Exploration Geoscience, Box 136, NSW 2113

Introduction

Diamonds are formed at depths of more than 150 km in the earth's upper mantle

(lithosphere), and are carried to the surface during the volcanic eruption of certain deep-

seated rocks such as lamproite and kimberlite. The diamonds in these rocks are derived

by disaggregation of the mantle wall rocks, and thus are xenocrysts (foreign grains) in the

kimberlites or lamproites. The diamond content of such rocks is typically a few ppm.

Exploration for diamonds is usually based on the recognition of more abundant mantle-

derived xenocrysts, such as garnet and chrome spinel, in heavy-mineral concentrates from

soils and stream sediments.

This "indicator mineral" technique is limited by the fact that similar minerals can be

derived from a wide range of non-diamondiferous ("barren") rock types. Much of this

"background noise" can be eliminated by the use of major-element compositional data,

derived by electron-probe analysis of individual grains. However, significant ambiguity

remains, especially in the form of mantle-derived, but still barren or uneconomically low-

grade, kimberlites and lamproites.

Since 1987 we have carried out a program of proton-microprobe analysis aimed at

using trace-element data on indicator minerals to discriminate between those from

diamondiferous and barren source rocks. The results have provided both important new

tools for the exploration industry, and significant new information on the conditions and

processes of diamond growth.

Garnets: the Ni thermometer

Cr-pyrope garnet is one of the most commonly used indicator minerals, and most

grains are derived by disaggregation of the garnet peridotite (olivine + pyroxenes + garnet

± chromite) that makes up most of the mantle. Griffin et al. [1] showed that the

distribution of Ni between garnet and olivine in such rocks is strongly dependent on

temperature (T), as measured by two-pyroxene thermometry (Fig. 1). In these rocks, the

nickel content of olivine is essentially constant at ca. 3000 ppm, and olivine makes up 70-

90% of the rock. This makes it possible to estimate the T of a single garnet grain simply

by analyzing its Ni content (the "Nickel thermometer"); for our typical analytical

uncertainty, the corresponding uncertainty in T is ca 50°C.

The temperature-depth relation (geotherm) is reasonably well-constrained in most

cratons (ancient continental nuclei), where diamond exploration is concentrated; an
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example is shown in Fig. 2. This geotherm crosses the diamond-graphite equilibrium

curve at ca 950°C, while the lithosphere, from which most diamonds are derived, extends

to 200-225 km. We therefore have defined a "diamond window" between ca. 950-

1250°C; if a kimberlite is to contain diamonds, it must contain material (garnets) derived

from this window.

Case studies have demonstrated that in diamondiferous pipes, a high proportion of

the garnets lie in this window, while the garnets in barren or low-grade pipes mostly give

low T, reflecting their derivation from the graphite stability field In Tanzania, kimberlites

are found in two zones. Those in the Eastern zone are all barren, while the Western Zone

contains both barren and diamondiferous pipes. As shown in Figure 3, the barren pipes

contain only low-T garnets, and a very high-T population identified as magmatic on the

basis of major-element chemistry. The diamondiferous pipes contain these two

populations, but also have a significant proportion of garnets from the diamond window.

Numerous case studies also demonstrate that the Ni thermometer can be used in a

semi-quantitative manner, diamond grades are roughly proportional to the percentage of

the garnets in the concentrate that fall in the diamond window. Several secondary factors

also affect these estimates. It has long been recognized that "depleted" mantle, reflected

by the presence of some low-Ca garnets, is associated with diamonds. However, such

garnets are rare or absent in some richly diamondiferous pipes, such as Argyle. PEXE

data show that the degree of geochemical depletion, as reflected in the median Zr, Y and

Ga contents of the garnets, also correlates with diamond content

Examination of the temperature distribution of different garnet types also allows

reconstruction of the stratigraphy of the lithosphere in terms of rock-type distribution with

depth. It is now apparent that this stratigraphy, and the average composition of the

lithosphere, differ significantly from one craton to another. This has significant

implications for our understanding of large-scale mantle processes, and thus for long-term

exploration strategies.

Chromites: the Zn thermometer

The use of chromites in diamond exploration has concentrated primarily on the

search for high-Cr varieties similar to those found as inclusions in diamonds. Most other

information contained in spinel compositions has been discarded. However, high-Cr

chromites also are derived from a range of barren rock types, especially high-Mg

volcanics and shallow peridotites; this is particularly a problem in Western Australia.

Analysis of chromite-garnet intergrowths recovered from mine concentrates or

xenoliths has allowed correlation of chromite composition with T. In particular, the Zn

content of chromites has been shown to decrease with increasing T (Fig. 4). This reflects

the constant Zn content (45±5 ppm) of mantle olivine; mantle-derived chromites contain
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200-2000 ppm Zn, but chromite typically makes up <\% of the rock. This "Zinc

thermometer" can be applied in the same way as the Ni thermometer for garnets.

Specifically, it can be used to find whether high-Cr chromites in a concentrate were

derived from the diamond stability field.

Some diamond-bearing rocks contain a magmatic spinel population as well as the

xenocrysts from mantle wall rocks. Their Cr-Ti-Ga-Ni relations can be used to recognize

these magmatic spinels, so that they are not used in evaluation of diamond grade.

Populations of such spinels in exploration samples can also be used to recognize the

nature of the source rock before it is found, and this information can guide the choice of

(geophysical) exploration methods

The two techniques described here provide a significant increase in exploration

efficiency, through early recognition and rejection of barren targets and concentration of

resources on more promising targets. They also provide direct cost savings in evaluation

of ore bodies once they are found. Evaluation of a prospect by conventional bulk testing

is expensive ($100-500K) and time-consuming; an evaluation by PIXE methods is done

quickly for a tiny fraction of that cost.

Diamond formation

Analysis of garnets and chromites included in diamonds has revealed several

important facts. (1) In a given pipe, the temperatures of diamond-inclusion phases

typically extend to much higher T than is found in equivalent minerals from the

concentrates. (2) Inclusions in polycrystalline diamonds (framesites), and inclusions

exposed on the surfaces of diamonds, typically give the same T as the equivalent

concentrate phases. (3) Multiple inclusions in single diamonds commonly show large

spreads in temperature (up to 400°Q. (4) Garnet inclusions in diamonds show trace-

element patterns suggesting multi-stage depletion and enrichment, and suggesting the

involvement of carbonatitic melts, which may be the source of carbon. These results

suggest that diamonds are formed in thermal pulses, probably associated with magmatic

events. Simple models of thermal relaxation suggest that diamonds have grown over

periods of 10-100 x 106 years.

Acknowledgements: Many thanks to Soey Sie for the development of the

HIAF microprobe and to Tin Tin Win and Gary Suter for extensive technical support,

hard work and general camaraderie.

[1] Griffin, W.L., Ryan, C.G., Cousens, D.C., Sie, S.H. & Suter, G.F. 1989. Ni in Cr-
pyrope garnets: A new geothermometer. Contr. Mineral. Petrol. 103,199-202.
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AMS WITH THE RUTGERS TANDEM

C. Tuniz

Applications of Nuclear Physics
Australian Nuclear Science and Technology Organisation

PMBl.Menai, NSW 2234

The tandem installed at Ansto is the model FN, Serial Number One (the King), built by
High Voltage Engineering Corporation for Rutgers University, New Jersey. For 25 years,
under the guidance of Georges Temmer, the King produced intense ion beams, including
polarised charged particles, for exciting research in physics of the nucleus and its environment,
from the atom to the lattice. In collaboration with Bell Laboratories, crystal blocking
techniques were applied in pioneering experiments to measure lifetimes in nuclear reactions.
Other studies involved interactions between lasers and ion beams, time reversal violations in
nuclear reactions, forbidden isobaric analogue resonances. Nuclear techniques of analysis,
such as H profiling with 15N beams and PIXE, had also an important part in the life of the
Rutgers accelerator. In addition, the heavy ions produced by this tandem were exploited to
calibrate solid state detectors for space probes.

From 1980, the Rutgers tandem was partially utilised in pioneering AMS experiments
involving 10Be measurements in solar system matter, mainly to study the fossil record of
cosmic radiation.

The 10Be content of extra-terrestrial bodies can help reveal their history of exposure to
cosmic rays. A major effort involved the study of short exposure stony meteorites, applying
the 10Be time scale of the observed build-up curve to determine the 2 1Ne cosmic-ray
production rate [1].

The behaviour of 10Be and other cosmogenic radionuclides in the Jilin meteorite, the
largest chondrite known, suggests that it experienced a two-stage irradiation: an early
irradiation in a large body lasting 6.6 Ma and a recent irradiation in a small body lasting 0.6 Ma
[2].

Petrographic considerations indicate that the Antarctic meteorite ALHA81OO5 came from
the Moon. Measurements of '^Be an& ^*A1 limit the travel time in space to less than 1 Ma, a
result consistent with a nearby origin [3].

The specific ^Be content in Australasian tektites suggested that tektites are of terrestrial
rather than lunar origin [4].

Some meteorites may have come from Mars, specifically certain members of the group
comprising Shergottites, the Nacklites and Chassigny (SNC). Measurement of the 10Be
contents of these meteorites are consistent with at least 3 different exposure histories [5].

These studies require information on the '^Be production rate. The elemental cosmic ray
production rate of 10Be and the spallation mechanism for 10Be production were studied by
analysing mineral separates from meteorites [6] and extraterrestrial bodies of known exposure
history, such as S. Severin [7]. The analysis of this meteorite shows that a large fraction of the
10Be is produced by secondary neutrons.

The 10Be production in meteorites can also be studied by simulation experiments. A
meteorite-like object was irradiated with 600 MeV protons with the synchrocyclotron at CERN
to study the depth profile of 10Be and other cosmogenic isotopes [8].

Terrestrial matter also contains the record of the interaction of cosmic rays in the past.
10Be was analysed in sediments from Mono Lake (California), deposited during a geomagnetic
excursion which occurred 27 ka ago, in an attempt to observe the influence of the geomagnetic
field on the cosmogenic production of 10Be [9].

The AMS work at Rutgers University was carried out principally with R. Moniot, T.
Kruse and G. Herzog.
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Introduction
Progress in PIXE microanalysis method development at the HIAF laboratory over

the past two years has been concentrated in three areas: (1) Development of an integrated
system for data acquisition, computer control of the microprobe sample stage, automated
microprobing of minerals, and automatic on-line quantitative analysis. (2) Development of
a geological database incorporating (J.PIXE trace element analyses. (3) Development of a
method for quantitative ih-situ analysis of intact fluid inclusions in minerals. This paper
briefly summarises the progress in these areas. The application of our fiPIXE method for
mineral exploration is presented elsewhere in these proceedings [I].

Integrated Data Acquisition and Analysis
A system of hardware and software has been developed to provide automated PIXE

microanalysis of predetermined points on a mineral sampie, as well as event-by-event
multiparameter data collection and isotope sequencing for AMS. It is based around a
CAMAC crate controlled by a |xVAX networked to VAX and Amiga workstations.
Processes on the (iVAX control data collection and on-line sorting, read charge and dead-
time sealers, and instruct intelligent stepper motor controllers which drive the microprobe
sample stage. Processes on the Amiga orchestrate this activity, interact with the user, and
provide on-line graphics display of the data.

Points for [iPIXE analysis are selected on-line through the microscope on the probe
using a tracker ball and a terminal, or off-line using a microscope with a digital stage. The
Amiga controls the analysis of these points, saves data to disk and initiates the fitting of
each PIXE spectrum using PIXE_FIT on the |XVAX. Details of the spectrum decom-
position method are given elsewhere [2J. Typically, data are accumulated for about 4
minutes (3 |i.C of 3 MeV protons at 12 nA), the selection of the next point takes a few
seconds, and the spectrum is fitted while data are collected at the next point. The fitted
results are available 2 minutes later. The result has been an increase in analysis throughput
of a factor of two, and the freeing of the operator to concentrate on other tasks. In addition,
a Dynamic Analysis method has been developed to provide on-line quantitative PIXE results
in live time during data collection. This technique is detailed elsewhere [31.

Geological PIXE Database
With more than 10000 PIXE analyses of heavy minerals on disk, from around 100

well characterized diamond bearing or barren sources world-wide, a database schema has
been developed, to combine PIXE data with EMP major-element data and information about
the geological and tectonic environment of each locality, sample and grain under analysis,
using the Ingres relational database system. When complete this database will permit
arbitrary queries to be performed keyed to geological properties, mineral type, compo-
sitional classes and interphase relationships. Currently, work is continuing to populate the
database, and to develop methods to explore and visualize this multidunensional data-space.
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Fluid Inclusion Analysis
The composition of fluid trapped as inclusions during the growth of minerals, or

during later healing of fluid-filled cracks, is of special interest as it provides information on
the processes that form rocks and ore deposits. Motivated by the goal of directly analyzing
intact fluid inclusions utilizing the long range of an MeV proton beam, a quantitative PIXE
analysis method was developed at the CSIRO that could treat complex layered target
structures (2J. This has been applied to in-situ fluid inclusion analysis with special attention
paid to the calculation of yields and integrated X-ray relative intensities from layered
targets, and to the geometry of the overlap between the proton beam and the fluid inclusion
[4].

A fluid inclusion in quartz can be viewed as a three layer structure with the fluid
sandwiched between two layers of quartz. To analyze the spectrum, the relative intensities
Rik , for X-ray line k of element i, are calculated to reflect the sum effect of contributions
from all layers,

Rik = (ek/e,) (Z, Yi, rik, C,7) / & , Y;, Ctf) , (1)

in the PIXE_FTT fit to the spectrum, where Yj/ is the yield for the major line, and Q/ is the
concentration, of element i in layer /, t\u the intensity of line k relative to the major line, and
ek = Q£2ekTk in terms of charge Q, detector solid-angle il and efficiency ek , and filter
transmission Tk. To determine the concentration of an element in a layer u of unknown
composition, the contributions from the other layers are subtracted [4]

Ciu = ( A J / e - - I ¥ . Y t f C 1 / ) / Yiu (2)

where Aj is the fitted peak area of the major line for element i.

Inclusions are selected with thicknesses in the range 5-15 ".m and depths of up to 15
|im; the inclusion depth and thickness are measured optically at high magnification (x500)
to reduce the depth of field. For high salinity inclusions (Cl > 5 wt%), the inclusion depth is
measured directly using the fit to the Cl K«/Kp ratio [4]. This method determines inclusion
depth to better than 2 fim. Based on the measured inclusion geometry and the observed
beam profile, a correction is calculated which relates the integral of the beam envelope over
the inclusion volume to the theoretical yields from a planar layer.

The method has been applied to study the partitioning of ore forming elements
between the liquid and vapor phase as sampled by fluid inclusions in quartz associated with
the Mole Granite intrusion in New England [5] (fig. 1), and to the experimental study of Pt
and Au transport by fluids at high temperatures [7J.

Conclusions
As a result of developments over the past two years, PIXE microanalysis in

geological applications at HIAF now benefits from more efficient data collection and
analysis culminating in a factor of two improvement in throughput, and analytical
capabilities have been broadened to enable the quantitative analysis of complex structures,
such as fluid inclusions in minerals. In addition, a geological and trace element database has
been established, and graphics techniques are under develpment, in order to organize and
extract new information from the growing collection of PIXE mineral analyses.
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The lithospheric upper mantle is that part which is mechanically coupled to the overlying
crust and isolated from the underlying asthenospheric mantle. Alkalic basaltic magmas
derived from partial melting of the asthenosphere frequently carry accidental inclusions
(spinel peridotite xenoliths) of the lithospheric mantle to the surface and a suite of such
xenoliths from Western Victoria is being used to study the composition of the upper mantle
and the processes which cause modifications to its geochemistry.

The xenoliths range in composition from clinopyroxene-rich spinel lherzolites to clinopyrox-
ene-poor spinel harzburgites and this range is believed to be due to the extraction of varying
amounts of basaltic melt from an originally primitive mantle composition. As such, the
xenoliths should be depleted in incompatible elements, such as Ti, Sr, and Zr, which are
preferentially partitioned into the melt phase. However, it has been found that these xenoliths
are often highly enriched in some incompatible elements and so must have undergone enrich-
ment in these elements subsequent to the melt extraction event. There is much debate as to
whether this metasomatic process is due to melts or fluids. In order to study this process,
incompatible element concentrations in clinopyroxenes, amphiboles and phlogopites have
been determined using proton and electron microprobes. There are several advantages in
using a proton microprobe to measure trace element concentrations of minerals over conven-
tional techniques which normally can only give an average bulk composition of many grains.
As the probe can analyse a spot only 20 microns in diameter, it is possible to look for zoning
in trace element concentrations within and between individual grains. Such zoning, if
present, helps us to determine what the concentrations were prior to and after metasomatism,
and constrain the timing of the event. It is also a rapid, non destructive technique which
requires only minimal amounts of sample and preparation.

The samples are prepared either as polished thin sections or concentrates, compatible with
that required for electron probe analysis. For some of the thin sections with thicknesses <30
Jim, contributions from the glass slide must be taken into account in the analysis. Olivine
grains were used as a monitor for the thickness. The correction is facilitated by die use of the
program LAYER (Cousens et al) and Geo TRACE (Ryan et al). The measurements were
carried out with 3MeV protons, focused typically to 30 iim beam spots. For the zoning
measurements, beam spots as low as 5 |im can be used, but to maintain reasonable measure-
ment time (<30 min), 15-20 \im beams were used. Each spot analysis was carried out for 3
microCoulomb integrated charge, which results in S ppm minimum detection limits for Rb,
Sr, Y, Zr, Nb. Ti values were determined using the electron microprobe. Count rates in the
Si (Li) detector, set at 135 deg angle wrt the beam direction, were maintained below 4000 cps
to minimize pile up effects. Most measurements were carried out using a 100 or 200 \im Al
filter to attenuate the major lines contribution.

From model compositions of the earth's primitive mantle it can be estimated that clinopyrox-
enes in the xenoliths should have approximately 120 ppm Sr, 55 ppm Zr and 1% TiO2 if they
have only undergone very minor amounts of melt extraction, and with larger degrees of
melting these concentrations should decrease. In contrast, clinopyroxenes from Mt. Porndon
commonly have much higher Sr and sometimes higher Zr than expected for primitive mantle
compositions, indicating they have been enriched in these elements. Three styles of enrich-
ment are found in these clinopyroxenes. (1) extreme enrichment in Sr (up to 800 ppm) and Zr
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(up to 420 ppm) but depletion in
TiO2 (0.1%); (2) enrichment only
in Sr (320 ppm) and depletion in
both Zr (7 ppm) and Ti (0.05%);
(3) clinopyroxene from one sample
shows systematic enrichment in
Sr, Zr and Ti from the core of the
grain to its rim, which is consistent
with inward diffusion of these
elements from an incompatible

°-2"i element enriched melt or fluid on
the grain boundary (Griffin et al).
The contrasting behaviour of the
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o 100 200 300 400 500 a plot of TiO2 against Zr, (Fig. 1)

Zr (ppm) where two distinct trends are seen.
One trend shows TiO2 decreasing

from 0.7% to 0.1 % while Zr decreases from 50 to 5 ppm, which may be due to increasing
degrees of partial melt extraction, while the other trend shows Zr increasing from 130 to 420
ppm while TiO2 remains uniformly low at around 0.1%. Clinopyroxenes from the latter
trend are also distinctly more enriched in Sr (500 - 800 ppm) than the other clinopyroxenes
(60 - 320 ppm).

The cause of these enrichments is commonly ascribed to veining of the mantle by basaltic
melts which crystallize amphibole and pyroxenite dykes. Residual, melt or H2O - CO2 fluids
emanating from the veins are believed to infiltrate the contiguous peridotite wallrock, enrich-
ing it in incompatible elements. To evaluate this hypothesis, rare samples which show dykes
crosscutting peridotite (composite xenoliths) have been examined to determine what effects
these dykes have on their wallrocks. Trace and minor element concentrations in minerals in
the wallrocks were measured as a function of distance from these dykes.

300-,

One example consists of an amphi-
bole dyke crosscutting a lherzolite
which is amphibole - free at
distances of over 8 cm from the
dyke, but at <8 cm amphibole
becomes more abundant towards
the dyke, indicating it was intro-
duced from the dyke. Individual
amphibole grains are homogene-
ous, but with increasing distance
from the dyke their concentrations
of Ti, Zr, Ba and Nb decrease
progressively and markedly. Sr
contents also decrease slightly,
while Rb is constant. The compo-
sition of lherzolite amphibole
closest to the vein is very similar to
that in the vein itself, suggesting it

has been introduced by a melt phase, rather than H2O fluid. Clinopyroxene Ti and Zr
contents also decrease systematically away from the vein (Fig. 2), but Sr contents, although
enriched, remain constant. The progressive decreases in Ti, Zr, Ba and Nb concentrations
suggests that the melt becomes more depleted in these elements the further it penetrates the
wallrock, as they are preferentially partitioned into the amphibole. The relative lack of
zonation in Sr may be due to its more highly incompatible nature and so the melt may not
become as rapidly depleted in these elements as it infiltrates the wallrock (see Bodinier et al.).

2 3 4 5 6
DISTANCE FROM DYKE (CM)



The second example consists of a pyroxenite dyke containing minor amphibole and phlogo-
pite crosscutting a phlogopite bearing lherzolite. Clinopyroxenes in both the wallrock and
dyke have the same high Sr contents and are unzoned in Sr. They are unzoned in Ti and Zr in
the dyke, but wallrock clinopyroxene shows core to rim enrichments of these elements with
rim concentrations of Zr which are similar to the dyke clinopyroxenes, but slightly lower Ti.
This indicates that the wallrock clinopyroxenes have been enriched in Sr, Ti and Zr due to
infiltration of melt from the dyke.

From these and other examples it appears that pyroxenite and amphibole dykes normally
cause enrichment of Sr, Ti and Zr in their wallrock clinopyroxenes by melt infiltration.
Overall the compositions of dyke clinopyroxenes and wallrock clinopyroxenes closest to the
dykes are quite restricted compared to the range seen for the clinopyroxenes from Mt.
Porndon peridotites. Sr ranges from 150 to 230 ppm and Zr from 80 to 190 ppm. TiO2 in
dyke clinopyroxenes ranges from 0.7 to 1%, but is lower in wallrock clinopyroxenes (0.3 -
0.5%). This data can be compared to the clinopyroxenes from Mt. Porndon to determine if
dykes are a plausible cause for the different styles of enrichment found in them.

The clinopyroxene from Mt. Porndon which shows core to rim enrichment in Sr, Ti and Zr
has a rim composition (215 ppm Sr, 0.5% TiO2, 62 ppm Zr) which is very similar to the
wallrock clinopyroxenes. it is therefore likely that this enrichment has also been caused by
melt infiltration from a dyke. Clinopyroxenes which show only Sr enrichment may also have
been metasomatised in this way. It was shown in the composite xenolith with the amphibole
dyke that Sr enrichment in clinopyroxenes extends further into the wallrock than Ti and Zr
enrichment. Thus clinopyroxenes showing only Sr enrichment may be examples of metasom-
atism at greater distances from dykes by melts whose compositions have evolved due to
progressive reaction with peridotite.

The clinopyroxenes which show extreme enrichment in Sr (up to 800 ppm) and Zr (up to 420
ppm), but not Ti (0.1%) are more difficult to explain and two possibilities are suggested. (1)
They may have been metasomatised by a melt emanating from a distant vein which has been
depleted in Ti due to precipitation of a high - Ti, low - Zr and Sr phase closer to the vein.
Phlogopite might be such a phase as analyses show that next to dykes they can have high
TiO2 (5%), low Zr (30 ppm) and moderate Sr (250 ppm). (2) The preferred hypothesis is
that they have been metasomatised by an unusual type of melt, such as carbonatites which
can have extreme Sr contents (10,000 ppm) and very low TiO2 contents.

Finally, the preservation of trace element zoning in some clinopyroxenes suggests that the
metasomatic event affecting these samples probably occurred shortly before they were erupt-
ed (Griffin et al.) and must be related to the same episode of magmatism that produced their
host magma.

Bodinier, J.L., Vasseur, G., Vernieres, J., Dupuy, C. and Fabries, J., 1990, Mechanisms
of Mantle Metasomatism: Geochemical Evidence from the Lherz Orogenic Peridotite. J. Pet
31, 597-628.

Cousens D.R., Ryan C.G., Sie S.H. and Griffin W.L., 1987, Self Absorption and Secon-
dary Fluorescence of PIXE Yields from Multilayered Targets, in Proc. of the 5th Australian
Conference on Nuclear Techniques of Analysis, Lucas Heights, NSW., ISSN 0811-9422,
58-60.

Ryan, C.G,. Cousens D.R., Sie S.H., Griffin W.L., Suter G.F. and Clayton E., 1990,
Quantitative PIXE Microanalysis of geological material using the CSIRO proton microprobe,
Nucl. Instr. Meth. Phys. Res. B47, 55-71.

Griffin, W.L., Smith, D., Boyd, F.R., Cousens, D.R., Ryan C.G., Sie, S.H., and Suter,
G.F.,1989 Trace-element zoning in garnets from sheared mantle xenoliths. Geochim.
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28
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The CSIRO AMS Facility is part of the HIAF (Heavy Ion Analytical Facility)
Laboratory, based on a 3MV Tandetron. The main drive behind the AMS development is its
potential use in exploration, through the use of "Be in regolith studies and through its
capability to detect ultra traces of heavy stable isotopes. In addition, there are other areas of
application of interest to other CSIRO divisions, primarily based on C measurements. The
development of the facility is proceeding in two stages, with the first to enable the "standard"
AMS of the cosmogenic isotopes, and the second to enable in-situ ultra trace micro-analysis.

The first stage of the development was completed in May 1990, with the first
measurement of C, which should also enable Be measurements. A major modification
to the system reported previously [1] was the increase of the gap of the injector magnet from
2.5 cm to 5.0 cm to improve the matching of its acceptance with the emittance of the source.
This was achieved towards the end of 1990. The present paper reports the results of the tests
of the system for ***C measurements.

The AMS System
The AMS injector is separate from the proton injector to facilitate the switching of

modes of accelerator use. The system can be switched from one mode to the other within 30-
40 minutes. This is an important feature considering the shared nature of the facility for the
different modes of operation.

The HICONEX 834 source, modified for a reflected Cs beam operation, produces 2 to 4
microamperes of C" beam from graphitized samples with 3 \iA being typical. This defines
the present limitations of the system. With transmission efficiency of 20-25% for the C
ions at a terminal voltage of 2 MV, the C count rate is ~4-8 cps for modern samples. At
this rate it takes 20-40 minutes to achieve 1% statistical counting precision.

The more abundant isotopes are measured every 5 minutes in the Faraday cup after the
analyzing magnet. The beam current is integrated for about 30 seconds. Switching of the
isotopes is achieved by the "bouncing" method: the injector magnet box voltage is raised
above ground potential to accelerate the C and 3C beams to the same magnetic rigidity as
that of * C at a given extractor voltage. In the 834 source it is not possible to decouple the
sputtering Cs beam energy and the secondary ion extraction voltage. While the sputtering
efficiency would increase with lower voltage, emittance for the secondaiy ions is better at
higher voltage. The source output was found to be optimum at an extraction voltage of 14
kV. In principle the *2C and *3C bouncing voltages are 2.33 kV and 1.08 kV respectively,
but for optimum beam transmission these were found to deviate from the calculated values.
This can be attributed to the lens effect of the entrance and exit apertures of the injector
magnet box when the bouncing voltage is on. To correct for residual misalignments of the
injector system it was found beneficial to also bounce the 1 4C beam by a small voltage (<0.1
kV), with due corrections for the C and C beams. This optimized transmission of each
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isotope without varying any other beam transport
components - except the analyzing magnet. This
magnet is switched to the appropriate setting for
each of the isotopes while the terminal voltage is
set constant at 2 MV. The rare isotope is
transported beyond the analyzing magnet Faraday
cup into the proportional counter, through another
bending magnet (22.5° deflection) and a down
bending ESA (electrostatic spherical analyzer, 4m
radius, 12° deflection). To set the magnetic beam
transport components for C and to tune up the
detector we use a pilot beam of ^ C ^ + at 2.154
MV terminal voltage which has the same
magnetic rigidity as the 1 4 C 3 + at 2 MV. The
beam spot at the entrance of the detector window,
observed on a willemite coated plate, is tuned to a
diaineter of 5 mm and the ESA adjusted to ensure
that it will pass through the 9 mm counter
window. The detector window is made of 2.5 \xm
thick mylar, which attenuates the 8 MeV C
beam by 3.05 MeV. The detector is 15 cm long
with 3 anode sections each 5 cm long, filled with
isobutane gas. The pressure is set at 16 to 18
mbar which stops the C beam at the third anode,
and any * N background would be stopped at the
second anode.

The final tuning of the system is carried out with a sample enriched to 30X modem
content of C. This is essential to ensure that the bouncer and the ESA settings are correct.

The response function of the detector to a monoenergetic beam is a Gaussian peak with
a low level "tail" at the low energy side of the peak. This tail can be attributed to scattered
beam and knock-on C ions from the counter gas2. Reduction or elimination of mis tail is
essential to improve the precision and reduction of background in the measurements.
Significant reduction of the tail is achieved by gating the AE3 anode signal with AE2. Figure
1 shows the spectra obtained from the 30X modem samples, ANU sucrose and background.

Sample preparation
The samples are prepared by graphitization from CO2, carried out at the CSIRO

Division of Water Resources (Adelaide) and at the ANU. Organic carbon samples are
combusted at 900°C for 1-2 hours in sealed quartz tubes with copper oxide and silver wire.
After slow cooling overnight in the furnace, CO2 is cooled, purified by sublimation and
transferred to the graphite reactor cryogenically. Carbonate samples are reacted with 95%
phosphoric acid for about 1 minute in a microwave oven, CO2 is collected and purified as for
organic samples. About 1 mg of Co metal powder, <325 mesh, is pretreated by heating for 1
hr at 400°C in 0.5 atmosphere H2, then pumped out whilst still hot. Graphitization takes
place by heating a mixture of CO2 and H2 (about 5% excess H 2 over stoichiometric amount)
at 625°C with the Co: a separate cold finger is maintained at dry ice temperature. The
reaction is followed using a pressure transducer in the reactor, and is generally complete in 4
to 6 hours, with the graphite forming on the Co catalyst.

Res
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1 Energy
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Graphite samples and standards have also been produced using zinc (o reduce the carbon
dioxide to carbon monoxide and iron powder as a catalyst for the formation of graphite-. At
this stage in the development, both methods are seen to give good consistent yields with
similar counting efficiencies although work at other laboratories suggests that both
background and homogeneity of prepared graphite should be improved using cobalt instead
of iron because of the thermal effect during sputtering in the ion source .

Test results
The liC/ C ratio is important as a diagnostic tool, to monitor possible drifts in the

beam transport system, and to ensure that the beam is transmitted through the accelerator
with minimum steering to eliminate or minimize fractionation effects. At 2MV, the stripping
efficiency for C is 8.3% higher than for C, and thus in the absence of sample preparation
and source induced fractionation the measured C/ C ratio should be 91.7% of the natural
expected ratio. The average value for ANU sucrose (6^=-0.011) for several(13) replicate
measurements on some replicate samples is (1.029 ±0.042)%. This value is to be compared
with the expected value of 1.018% if there are no fractionation effects other than the
difference in stripping efficiency.

The measured C /3x C" ratio increases with the stripper gas pressure but saturates
at -20% when the stripper gas reaches a pressure corresponding to a vacuum of 2x10 mb at
the high energy end. The ratio is less than half the theoretical limit of 45%, and it is
comparable to those obtained at other facilities with comparable accelerators. The apparently
low value indicates that the stripper canal diameter is smaller than the beam profile diameter
required for maximum transmission, as verified by beam optical calculations.

Background, defined as spurious counts in the spectrum at the position of the C peak
can be classified into apparent background, due to the response function of the detector itself,
background due to beam scattered by the beam transport components and residual gas, and
real C background due to contamination or memory effects of the source.

A run on a blank sample gives a measure of memory effect and cro*s contamination of
targets. This was tested by placing a blank sample next to, and at other positions with respect
to an enriched sample. This was found to be less than 0.1% modem.

Several background graphite samples prepared from fossil CH4 and from CO2 derived
from marble were run. After allowing for the response function for the *^C peak, the net
background at the ' C peak corresponds to <0.25% and <1% modern respectively. The
higher background level observed for the marble sample may indicate some exchange
process with atmospheric CO^. This is being evaluated further.

Conclusion
The CSIRO AMS Facility is now operational, and is capable of C measurements at 2-

4% precision. Development is continuing to improve this to levels <1%, mainly through the
development of the ion source.
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Medium energy ion scattering in the double alignment mode is a powerful
technique for the study of the composition and structure of the surface and near
surface layers of crystalline solids [1-3]. In the field of low energy ion-surface
interactions it is particularly useful for radiation damage measurements in which
the displacement of atoms close to the surface can be monitored in a quantitative
way. The sensitivity of the technique, to the presence of atoms which are not
located on normal lattice sites makes it highly suitable for the study of surface
relaxation and reconstruction [4] and for the analysis of the structure of thin films
and interfaces.

In this paper, the application of the technique to the study of the effects of low
energy Cl , Ar + and Si+ bombardment of a Si (001) surface is described. This
also involved a study of the effects of various Si pretreatments, such as : (i) HF
etching, (ii) high temperature (1350 - 1450K) in situ desorption, and (iii) ion
bombardment cleaning. For the bombardment energy range of interest from
about 20 eV up to a few hundred eV, the radiation damage due to bombardment
with the gaseous species is restricted to the first few nanometers and it is essential
to analyse the damaged region in-situ since exposure to atmosphere, or even
pressures as high as 10'" -10"' mbar during transfer may completely obscure the
effects of the bombardment. Similarly, films growth by direct ion beam
deposition using Si ions must also be analysed without removal from an ultra-
high vacuum environment.

High resolution MEIS studies using a 50 keV H + beam incident along the [111]
direction and detected along the [331] direction have shown that collisions]
displacements and displacement due to incident species accommodation are
significant at Ar+ and Cl+ energies is low as 50 eV [5,6], as shown in Fig. 1, for
Ar bombardment at 473K. Although the number of displaced atoms is educed
for low energy bombardments, these energies, especially when rare gas ions are
used, are not effective for surface cleaning due to the low physical sputtering
yield. These results were important for the ion beam epitaxy work, as they
showed that even at energies slightly higher than the displacement energy
threshold ( ' 13eV for Si) damage is produced. This damage has the potential to
inhibit the growth of epitaxial films. The measurements have also shown that
irradiation at energies above the threshold for displacement at elevated
temperatures leads to the formation of highly stable defects rather than the
straightforward annealing of simple defects [/]. In the case of hydrocarbon
contamination this can lead to the formation of SiC precipitates in the near
surface region [7].

The success of any technique for growing good quality epitaxial thin films depends
critically on the initial condition of the substrate surface. Most studies have
shown that atomically clean and well ordered surfaces are essential for effective
nucleation and growth of films. In ion beam deposition, the defect behaviour
observed in the Ar and Cl bombardments is retained [8] and high quality
epitaxial films could not be grown at energies above about 20 eV [9], as shown in
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Fig. 2. Under no circumstances was it possible to grow a good epitaxial film on a
surface that has been pre-treated by ion bombardment with any of the species
considered at energies above, the threshold for atom displacement. It was also
found that deposition using J USi+ rather than ^*Si+ resulted in higher quality
films, possible due to decreased contaminants, such as CO, being present in the
incident ion beam.
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Figure Captions

Figure 1 Number of displaced,Si atoms, Nj, as a function of Ar+ ion energy for
doses of lxlO1^ cm'2 (+) and lxlO16 cnf2 (x) on a Si(001) surface of
473K. The open symbols represent points corrected for the
contribution of trapped Ar atoms to the surface peak.

Figure 2 Dechanneling level, Xmjp as a function of ion energy for ^^Si*
•̂ Si"*" ions incident on Si(001) surfaces subjected to different

d i i d 723K d i d i i

and
() j pre-

treatments and maintained at 723K during deposition.

1350-1450K annealed + ^ S i * ions.

1100-1150K annealed + ^Si"1" ions.

Cl+ bombarded surface + 2 °S i + ions.

1350-1450K annealed + 3 0Si+ ions.
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ION BEAM MIXING IN SIMS PROFILING OF THIN BURIED LAYERS

by

M. Petravic. R.G. Elliman and J.S. Williams

Department of Electronic Materials Engineering,
Research School of Physical Sciences and Engineering,

Australian National University
Canberra, ACT, Australia

One of the limiting factors in SIMS profiling of thin films is recoil mixing which gives rise to
the artificial broadening of concentration-depth profiles and deterioration of depth resolution.
This process includes direct displacement of target atoms by primary ions as well as
displacements by recoiling matrix atoms within collision cascades [1]. Due to the mixing, the
profiles are characterised by pronounced exponential decay of the trailing edge. The decay has

the form of exp (-xA), where x is the depth coordinate and X the decay length [2].
Bombardment with low-energy, heavy ions at oblique angles of incidence reduces mixing
effects making the tails of profiles steeper [2J.

The present study was undertaken in order to investigate the dependence of X for thin buried

layers (8-distributions) on impact energy, angle of incidence and type of primary ions. The
samples studied were thin Ge and Si layers (1-3 monolayers) buried into Si and GaAs,
respectively. A quadrupole-type ion microprobe (Riber MIQ 256) was used with O2+, Ar+ or
Cs+ beams at energies between 4-12 keV and angles of incidence between 15°-65° (measured
from the normal to the sample surface).

We have shown that X exhibits the same type of dependence on primary beam energy, angle
of incidence and type of primary ions as the penetration depth of primary ions (O2+, Ar1",

Cs+). Indeed, a linear dependence between measured X and penetration depth calculated by
TRIM [3] has been found. We conclude, therefore, that all ion beam mixing effects in our
study can be explained in terms of the penetration depth of primary ions.

In addition, we have shown that a simple diffusion-based model [4] describes broadening in
our experiments fairly well.
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The development of an STM facility is currently under way at Griffith University. The first
instrument was based on the "pocket-sized" STM design of Gerber et al [1] of IBM. This
was a useful introduction to the new field, although that model was overtaken by new design
criteria and greater demands for user friendliness.

A complete air operated STM system was purchased from CSIRO (designed and constructed
by Sexton et al [2]). This has proved to be a robust and reliable instrument, producing
atomically resolved images of standard surfaces such as single crystal graphite (HOPG), (Fig.
la,lb), and nanometre resolution topographical images of noble metals on single crystal
silicon. Recently we have obtained single atom resolution in air of cleavage faces of layered
dichalcogenides. Also, the STM has been used in conjunction with field emission scanning
electron microscopy (FESEM) to investigate the surface properties of and surface reactions
on natural sulphides including pyrite, chalcopyrite, and in particular lead sulphide (galena).
Experiments on an oxidised galena surface suggest that the STM can be used as a tool for
inducing and monitoring surface reactions. The present hypothesis is that either the STM is
capable of inducing stimulated oxygen desorption, or stimulated sulphate formation on the
nanometre scale. Further experimental work is currently under way and details will be
presented.

The most recent development is that of an ultra high vacuum (UHV) STM (with a CSIRO-
type scanning head). The system will utilise an airlock stage which will allow for the
preparation, transfer, and storage of multiple samples and tips under ultra-clean conditions.
An internal electron beam heater will provide the means for thermal treatment of specimens.
Further developments may include fitting an ion sputtering gun to the UHV STM, and to
construct an "underwater" STM for electrochemical work.

It is envisaged that the STM facility will be integrated into a large materials research and
characterisation centre within the Brisbane area, bringing together facilities, expertise, and
personnel from GU, UQ, QUT, and other organisations.

[1] Ch.Gerber, G.Binnig, H.Fuchs, O.Marti, and H.Rohrer,"Scanning Tunnelling
Microscope (STM) Combined with a Scanning Electron Microscope (SEM)",
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Ion Beam Mixed Tellurium Ohmic contacts to n-GaAs

K. Prasad, G.H. Winton, L. Faraone, A.G. Nassibian,
Microelectronics Research Group,

The University of Western Australia,
Nedlands, W.A. 6009.

D.D. Cohen,
A.N.S.T.O., Private Mail Bag 1, Menai, N.S.W 2234

The formation of Ohmic contacts to n-GaAs relies on the incorporation of suitable n-type
dopants such as Ge, Te, or In at the GaAs surface. Several methods of alloying are used to
form the Ohmic contacts. These include furnace [1], rapid thermal [2], or scanned electron
beam [3j alloying. In this paper, results on the formation of Ohmic contacts using ion
beam mixing technique are reported.

The starting wafers used for the experiment were double epitaxial n/n~/S.I. GaAs wafers
with the upper n active layer having a doping density of 1.1 x 1017 cm"3. After standard
cleaning procedures, circular transmission line structures [4] were formed in photoresist
using conventional photolithography. Thin layers (~ 10 nm) of Te were evaporated onto
the wafers and the contact patterns were subsequently defined by lift-off techniques.

Ion beam mixing of Te was carried out using 1 MeV Ar+ ions covering a dose range from 10H

to 1016 cm"2 over a substrate temperature range from 25 to 200°C. In order to determine
the extent of incorporation of Te in GaAs as a result of mixing, Rutherford Backscattering
Studies (RBS) were carried out on samples both before and after ion beam mixing process
using 2 MeV He+ ions. A 300 nm layer of Au was subsequently evaporated onto the ion
beam mixed samples to facilitate electrical measurements to determine the specific contact
resistance pc using circular transmission line model [4]. Elevated temperature aging of the
completed contacts was carried out at 200°C for times up to 1000 hours and RBS studies
were carried out after aging in order to assess the degree of Au in-diffusion into GaAs and
to determine whether any redistribution of Te in either GaAs or Au has occured as a result
of high temperature aging.

Figure 1 shows the effects of varying ion dose on the specific contact resistance pc of Te
mixed Ohmic contacts to n-GaAs. In this case, the substrate temperature was maintained
at 25°C during the mixing process. It is clear from the figure that pc decreases progressively
with any increase in the ion dose. As the dose of ionizing radiation was increased from 101'
to 1016 ions cm""2, pc decreased monotonically from 11.2 ± 0.5 x 10~5 to 3.5 ± 1.1 x 10~5

fl cm2. When the substrate temperature was varied over the range from 25 to 200°C, no
significant change in pc could be detected.

Figure 2 shows the RBS spectra for samples before and after 1 MeV Ar+ mixing at a dose
of 1016 cm"2. In the spectrum before ion beam mixing (Fig. 2a), both the edges of GaAs
and the peak of Te are seen clearly. It is also evident from the figure that there is very
little mixing between Te and GaAs as shown by the lack of counts in the region between
the GaAs edge and Te peak. However, when ion beam mixing is carried out, the Te peak
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broadens and shifts to lower channel numbers. The flat region between the lower channel
edge of Te peak and the GaAs edge (see Fig. 2b) suggests in-diffusion of Te into GaAs and
subsequent formation of a heavily doped layer at the GaAs active surface. Theoretical fits
to the experimental spectrum showed that this step in Fig. 2b corresponds to ~0.1-0.2 %
Te incorporation into GaAs to a depth in excess of 200 nm. This Te incorporation is
responsible for the formation of the Ohmic contact.

Elevated temperature aging studies were carried out on the ion beam mixed Ohmic contacts
at 200°C for 1000 hours. The results are shown in Fig. 3, where pc is plottted as a function
of aging time. The monotonic increase in pc indicates either a progressive loss of Te
resulting in a reduced dopant incorporation in GaAs and/or in-diffusion of Au from the
Au overlayer. RBS studies were carried out after 1000 hours of aging at 200°C and the
result is shown in Fig. 2c. It is evident from the spectrum that Te is diffusing both into
the Au overlayer and the underlying GaAs substrate. The out-diffusion of Te into the Au
overlayer is dominant as revealed in the spectrum by a Te peak in the uppermost 9 nm
of the Au overlayer. Theoretical fits show that this peak corresponds to a build up of Te
at the front surface of the Au overlayer. Also seen in the spectrum is the significant Au
in-diffusion into GaAs to a depth of ~ 300 nm. These results indicate that the degradation
of the Ohmic contacts is due to the combination of both out-diffusion of Te into the Au
overlayer as well as the in-diffusion of Au into the underlying GaAs substrate. The stability
of Ohmic contacts formed by ion beam mixing at higher doses is better due to a heavier
incorporation of Te into GaAs than those formed at low ionizing radiation.
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ABSTRACT

The recrystallization of an amorphous AI2O3 layer on a crystalline substrate has
been induced by high energy ion irradiation at a temperature as low as 400°C. At
such a temperature, the rate of thermally induced recrystallization is negligible.
The extent of crystallization and the redistribution of In atoms during ion beam
induced epitaxial crystallization (IBIEC) have been compared with thermal
annealing behaviour at 700°C. The most striking differences between the two
annealing regimes are that IBIEC at low temperatures results in (1) more
extensive epitaxy, which is insensitive to the presence of In, and (2) reduced In
redistribution.

INTRODUCTION

It has been demonstrated that pre-existing radiation damage can be removed by
subsequent ion irradiation. Most simply, high-flux ion irradiation can lead to
significant heating of the target material [1]. Damage produced during the initial
stages of implantation can thus be removed at higher fluences as the substrate
temperature increases. However, beam heating is not a prerequisite for ion beam
annealing (IBA). Kool et al. [2] demonstrated IBA at room temperature with high
energy, low mass ions. Other studies [3-8] have further shown that solid phase
epitaxial crystallization of amorphous Si layers can be induced at relatively low
temperatures (250°C) by heavy ion irradiation. Additionally, this IBIEC process
is relatively insensitive to impurities within the amorphous layer [9]. This opens
up the possibility of inducing epitaxial growth in cases where high impurity
concentrations impede conventional thermally induced epitaxy [10]. IBIEC has
been demonstrated in a number of semiconductor materials, such as Si, GaAs
[11], Ge-Si alloys[12], NiSi2 [13] and InP [14]. IBIEC could be an attractive means
for altering surface properties not only in semiconductors, but also in ceramics,
since it could induce controlled epitaxial crystal growth of pre-existing amorphous
layers at low temperatures. In this paper, we report, for the first time, on IBIEC
of an amorphous layer on a-axis (<l201>) oriented single crystal AI2O3.
Comparisons are made with furnace annealing.

EXPERIMENTAL

The optically flat, a-axis single crystal AI2O3 substrates were pre-annealed at
1400°C in an O2 environment for 5 days, so the samples were damage free. The
amorphous layers were formed by In ion implantation at 100 keV with doses at
0.7 and 2.7xlO10 ions/cm^ (held at 77 K), and sample surface normal oriented at
7° with respect to the ion beam. IBIEC was achieved by irradiation with 1.5 MeV
Si ions at 400°C. Thermal annealing was conducted in a flowing Ar ambient at
700°C for 1 hour. 2 MeV He ion Rutherford backscattering and channeling
(RBSC) was employed to investigate the annealing processes.

RESULTS AND DISCUSSION
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As shown in Fig.la, solid phase epitaxial crystallization of. a thin amorphous
AI2O3 layer (60 nm thick as produced by an In dose of 0.7x10*" ions/cm2) can be
induced, thermally at a temperature of 700°C. With an In implant dose at
2.7xlO10 ions/cm2 ( r e s u l t i n g in an amorphous l a y e r of 74 nm
t h i c k ) , s o l i d phase ep i t axy was impeded, a s shown in
F i g . l b , whi le In diffused in the amorphous layer during thermal annealing
at 700°C. In contrast, the extent of IBIEC and the insensitivity of IBIEC to the
presence of In were confirmed with RBSC measurements in Fig.la and Fig.lb.
IBIEC was observed to proceed with a planar amorphous/crystalline (a/c)
interface. However, the 1.5 MeV Si irradiation causes considerable damage to
the underlying crystalline AI2O3 substrate. The RBSC minimum yield (Xmin)
after IBIEC are about 33% and 46%, respectively, for low and high dose In
implantations. The value of Xm jn and the depth and extent of damage in the
substrate can be adjusted by changing the energy and dose of the irradiating ions.
No movement of In atoms in AI2O3 was found during IBIEC in Fig.lb. For the
case of In implantation with a lower dose, the substitutionality of In atoms in
crystalline AI2O3 is about 38%. The IBIEC results are quite different than that
observed following thermal annealing.
The RBSC spectra in Fig.2 show the differences in the extent of epitaxy and the

redistribution of In after thermal annealing at 700°C for 1 hour, with and without
the pre-process of IBIEC. As described above, no redistribution of In occurs
during IBIEC, however, during subsequent thermal annealing In atoms move
towards the free surface and more than 20% sublime. There is no
substitutionality of In atoms in crystalline AI2O3, as evidenced by the RBSC
random spectrum (not shown here) of the sample with IBIEC and subsequent
thermal annealing at 700°C. We speculate that such redistribution could be
caused by defect enhanced diffusion and low solid solubility of In in crystalline
Al^O^. These results are much different from those for thermal annealing only, in
which the In distribution broadens and epitaxial crystallization is impeded.
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Fig.2 RBSC spectra from a high dose sample, after thermal annealing with or
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CONCLUSIONS

(1) Epitaxial recrystallization of an amorphous AI2O3 layer on a crystalline
substrate can be induced by high energy ion irradiation at temperatures where the
rate of thermally induced recrystallization is negligible.
(2) IBIEC is relatively insensitive to the presence of In in the amorphous layer,
while for thermal annealing, the epitaxial crystallization can be impeded due to
the presence of In.
(3) IBIEC does not result in In redistribution.
f 4) The Si beam used for IBIEC produces damage to large depths.
(5) Thermal annealing at 700°C after IBIEC dose not recover this damage but In
moves to the surface, probably due to an enhanced diffusion produced by the
residual defects.
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Abstract

This contribution provides a short overview of recent findings in the fields of (i)
control of carrier life time in silicon power devices by MeV ions and (ii) analysis of dopant
and impurity distributions in semiconductor structures by secondary ion mass spectrometry
(SIMS).

Introduction

(i) High energy proton irradiation has during the last years received increasing interest
as a new technique for local control of the carrier life time in silicon power devices1'2. In
contrast to the more conventional techniques used today (gold diffusion and MeV electron
irradiation) proton bombardment has the advantage of producing a non-uniform depth
distribution of recombination centers and offers thereby an additional parameter to be varied
when optimizing the switching behaviour of power devices. This depth distribution is
closely related to the elastic energy deposition profile which has its maximum at the end of
the proton penetration range. The peak position and to some extent also the profile shape
can be controlled by varying the proton energy.

The technique of localized lifetime control is explored using not only protons but also
alpha particles3'4, and a detailed knowledge of the electrically active defects/recombination
centers generated by MeV ions is essential. During the last years some consensus has been
reached4'*' but controversy still exists; in particular, the identity of different levels and their
importance as recombination centers are discussed.

(ii) Shallow dopant depth profiles and abrupt hetero-interfaces, e.g., silicon
dioxid/silicon, metal silicides/silicon and various types of heterojunctions, play a crucial
role in current very large scale integrated technology (VLSI). Because of its superior
sensitivity and good depth resolution, SIMS has proven to be a highly applicable technique
for accurate analysis of these structures7. SIMS has, however, several inherent limiting
factors, and the importance of non-linear erosion rate as a function of sputtering time,
surface roughness and profile broadening in the analysis of GaAs/AlxGai.xAs superlattice
structures and shallow boron profiles in Si and CoSi2 will be discussed.

In the last five years the use of microbeams in SIMS analysis has grown rapidly, and
today several commercial instruments exist which can produce primary sputtering beams



(e.g., Cs+, Ga+ and C>2+) with diameters less than -0.5 \vm. Consequently, small area
analysis directly on processed semiconductor chips is now possible; the dimension of the
sputtered crater is of the order of 10x10 nm2, and the analysed area is limited to -2x2 nm2.
The corresponding values in "ordinary" large area analysis are -400x400 |im2 and 40x40
Jim2, respectively. Furthermore, ion images of impurities and dopant elements in a device
structure can be obtained with a lateral resolution in the submicron range, and examples
will be given for bipolar transistors and MOS gate structures.

Some selected results

Fig.l shows spectra obtained by deep level transient spectroscopy from two float
zone silicon samples irradiated by 1.3 MeV protons (dose 5xl09 cnr2) and 5.0 MeV alpha
particles (5xlO8 cm'2), respectively. Five peaks, E1-E5, are resolved in the proton-induced
spectrum while only three levels, El, E2 and E4 are observed in the alpha-irradiated
sample. El originates from the well-characterized vacancy-oxygen pair (VO or the A
center)8-9 while E2 and E4 are attributed to the doubly and singly negative charge state of
the divacancy center (V2)9'11. E3 and E5 appear only in the proton-bombarded sample
suggesting that they are due to complexes involving hydrogen. This suggestion is further
supported by the depth concentration profiles of E3 and E5 which exhibit a considerably
smaller skewness towards the surface than that of V2, fig.2. The generation of E3 and E5
is not only linked to the energy deposited in elastic collisions but is also strongly related to
the hydrogen implantation profile. This profile has a significantly smaller width (straggling)
than the elastic energy deposition distribution and has also a more symmetrical shape
around the peak position.

The production rate of E1-E5 depends on ion dose (fluence) as well as on ion dose
rate (flux)4-1 K In contrast to the dose region above ~1014 cm"2 where an increase in dose
rate enhances the defect production a decrease in the generation rate ofEl-E5 is observed
with increasing dose rate for H+ keeping the dose constant at 5x109 cm'2, fig.3. This
unexpected effect shows that there is an overlap between the proton tracks in spite of the
low dose and is attributed to the rapidly diffusing Si self-interstitials, which overlap the
vacancy distributions produced in adjacent ion tracks. At low dose rates the distribution of
vacancies from one ion becomes diluted, and recombination with Si interstitials generated

— SO M«V H«" ,S l10* cm- '
—1.3 M«V H\5 l10* CfTT*

i L—
K 120

TtmptrMura (K)

Fig.l DLTS spectra obtained from two samples
irradiated with H+ and He2+ ions, respectively.

Fig.2 Depth profiles for the levels E3,
E4andE5.
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by ions impinging at a later time is rare. As the dose rate increases the vacancies from one
ion is still confined to a small volume when overlapping with Si interstitials from
subsequent ions occurs, leading to an increased annihilation of vacancies and interstitials
through enhanced recombination (V+I --> 0).

The good depth resolution obtained by SIMS is demonstrated in fig.4 showing Al
profiles in GaAs/AlxGai-xAs (x=0, 0.1, 0.3, 0.5, 0.73 and 1) superlattice structures
grown by metal organic vapour phase epitaxy (MOVPE)13. The structures consist of 2x21
layers grown on GaAs substrates, each layer with a thickness of ~ 180 A according to X-
ray diffraction measurements. The depth resolution degrades with depth because of sputter-
induced surface roughening; this occurs faster in the samples with high x which is
consistent with the strong effects (-20 % of the sputtered depth) found in pure Al films14.
It may be noted that no degradation is observed in the sample with x=0.1.

Fig.5 shows an example of small area SIMS analysis. The depth profile of As is
monitored in the collector area of a bipolar transistor using 1 3 3Cs+ primary ions and
collecting 103AsSi" secondary ions. The crater size was 10x10 ^im2, and the analysed area
was 2x4 jam2 defined by a rectangular electronic gate. The profile yields a concentration of
1016 cm*3 in the active collector area of the transistor, this is about one order of magnitude

5 10 IS 20

Layer (number)

Fig.4 The Al+ signal as a function of depth in
GaAs/AlxGai-xAs structures using 2 keV O2+

sputtering ions.

Fig.5 Depth profile of As in the
collector area of a bipolar transistor.
(Cameca application laboratory).



li Fig.6 Raster ion image of
58Ni+ in a NiSio layer formed
on evaporated amorphous Si.

higher than the detection limit for As in small area analysis.
A raster ion image of 5 8Ni+ from a NiSi2 layer formed on amorphous silicon is

displayed in fig.6. The cc-silicon was initially deposited by electron gun evaporation on a
<111> Si wafer followed by deposition of Ni in the same pumping cycle, thereby virtually
eliminating the growth of any oxide layer between the two films. The structure was
subsequently annealed in vacuum at 350 °C (30 min) to initiate NiSi formation before the
final heat treatment was performed at 800 °C (30 min) to grow the NiSi2 phase. Fig.6
demonstrates, however, that the NiSi2 film is laterally inhomogeneous having NiSi islands
with diameters of ~10 |am. This explains the non-stoichiometric composition found by
Rutherford backscattering spectrometry (RBS) for these films, and the island formation has
later on been correlated with the presence of impurities and non-uniformities in the
evaporated a-Si layer.

* Permanent address: Royal Institute of Technology, Solid State Electronics, P.O. Box
1298, S-164 28 Kista-Stockholm, Sweden.
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INTRODUCTION

Polymer materials are very different from inorganic materials in that they are mainly made from
a very restricted group of light elements; they normally contain C and H and a fair proportion
also contain O and N. This narrow range of elements has ensured that, in general, elemental
profiles have not been very useful in polymer science. However the ubiquitous presence of H
in polymers and the ability of chemists to substitute deuterium (D) for H has made H (or D)
profiling extremely powerful in polymer science. The fact that the technique requires special
deuterated materials is not quite the disadvantage that it might first seem as deuterated materials
are also required for neutron scattering (a very important technique in polymer science) and
some aspects of NMR. In this paper I will review the three main techniques, elastic ion
scattering, secondary ion mass spectroscopy and nuclear reaction analysis, that have been used
for deuterium depth profiling. In each case I will describe the technique and give some examples
where the technique is useful in polymer research.

ION SCATTERING

Deuterated polymer

Protonated polymer

V 2 + ions

Mylar stopping foil

Figure 1. Geometry of the FRES experiment

The main technique for the detection of hydrogen by ion scattering is normally called forward
recoil elastic scattering or FRES. The basic principle of the experiment is illustrated in Figure
1. A monoenergetic beam of He ions is directed towards the sample at an angle of incidence a.
Collision of theses ions with target nuclei may result in the ejection of those nuclei at an angle
8 with respect to the incident beam. Conditions of energy and momentum conservation at the



collision determine the relationship between the energy of the incident He ion and the energy
of the ejected nucleus. Hence ejected D nuclei carry away a greater proportion of the energy of
the He ion than do H nuclei. The ingoing He ions and the ejected H or D lose energy at a known
rate as they travel through the sample so any nuclei arriving at the detector have an energy that
depend on the isotope and the depth in the sample from which it came. D nuclei can recoil from
depths in a typical polymer material that are about %\xm before they can be confused with H
nuclei recoiling from the sample surface. It is necessary to use some technique to keep the
forward scattered He ions from interfering with the collected spectrum. Normally a Mylar
stopping foil is used to keep the He ions from the detector though recently some more
sophisticated techniques have been used.

The depth resolution of FRES is controlled mainly by the spreading of ion energies as the ions
travel though material. In the case where a stopper foil is used it is the spreading within the foil
that is most important giving an effective depth resolution (FWHM) of typically about 70-80
nm. Elimination of the stopper foil by the use of time-of-flight techniques can improve this
resolution to more like 35^J0nm.

Ion scattering inevitably involves the material experiencing a considerable radiation dose and,
as polymer materials are fairly sensitive to radiation, damage must always be considered. With
most radiations the main source of radiation damage in polymers low energy electrons that
originate from collisions within the material. Hence the ranking of polymers to radiation
damage is normally fairly independent of the primary radiation. It is also fairly similar to the
ranking of the materials resistance to thermal degradation. A number of strategies have been
employed to reduce radiation damage during ion scattering experiments on polymers. The
damage rate can be reduced by cooling the polymer to liquid nitrogen temperature and the dose
can be reduced by scanning the beam over a large area of sample. Damage is normally assessed
by taking a series of spectra and looking for changes. However some materials damage so
rapidly that the first spectrum can be of a highly damaged but relatively stable material so only
small changes are seen.

y\_
B'

Figure 2. The concept of reptation in polymers. The chain is constrained by the obstacles, O
to move by propagation of loops along its length.

The main applications of FRES in polymer science have been in the study of polymer diffusion.
Most polymer molecules can be considered as long intertwined random chains. The volume that
is occupied by any one chain might easily contain parts of 50 other chains. The Brownian motion
of such molecules is therefore quite complicated. The concept of reptation has proved very
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useful in simplifying this problem. In this concept any test molecule is considered to be
constrained into a tube by the surrounding molecules so that it must move snake-like (hence
the name) along the tube as shown in Fig. 2. It follows directly that the diffusion coefficient
should scale as N"2 where N is the number of segments in the molecule. When the test chain
is longer than the chains of the matrix then other processes come into play, in particular the
process of 'tube renewal' by movement of the matrix chains has to be considered. The best
experimental tests of these models have been FRES studies of the movement of deuterated
molecules into a protonated matrix. These studies have mainly been done using polystyrene as
it is glassy at room temperature and reasonably radiation resistant.

Polyimides are frequently used in the area of multilayer electronic packaging. They are
deposited from solution in the form of acids or esters then cured in place to the imide. This curing
process alters the mechanical properties and limits the miscibility between successive layers of
polyimide. FRES has been used to study the interdiffusion between successive polyimide layers
by using fully deuterated polyimides. A typical FRES profile is shown in Fig. 3. The depth
dependence of cure has also been studied by FRES by deuterating just the group that leaves on
curing.

Energy (MeV)

1.2 ' -3 1.1 1.5 1.6

210 260 280
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Figure 3. FRES spectra for polyimide samples showing the effects of 2 different cure schedules.
For the spectrum represented by circles there has been very little diffusion of the deuterated
layer into the bulk. Ther other spectrum shows significant diffusion.

SECONDARY ION MASS SPECTROSCOPY

Dynamic SIMS is a technique where a beam of ions is rastered over the surface of a sample
thereby causing sputtering and the emission of secondary ions. A crater is slowly formed in the
sample surface. The secondary ions are passed through a mass spectrometer to give profiles of
secondary ion yield vs depth in the sample. Dynamic SIMS can be used to profile the various
elements that exist in polymers but, so far, the most useful profiling has been concerned with
H and D. Polymers are mainly insulating materials and so ii .s normally necessary to use either
very thin films or some form of charge compensation technique to stop the sample charging and
thereby removing the ions from the passband of the spectrometer. Charging problems seem to
be much more serious when using a magnetic sector mass spectrometer than when aquadrupole
spectrometer. In principle it is possible to use either +ve or-ve secondary ions but this freedom
is lost with a quadrupole machine because there is often a significant yield of H2+ that cannot
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be separated from D+ with the resolution of a quadrupole mass spectrometer. Hence -ve
secondary ions must be used. SIMS has a depth resolution of 8nm FWHM in polystyrene and
is actually based on radiation damage so damage is not normally a problem but it is very hard
to obtain quantitative results. Ion yields depend sensitively on the settings of the instrument. In
addition there can be problems of unstable etching and formation of rough bottomed craters.
There is evidence that very slow etching and the use of low energy primary ions can alleviate
these problems.

SIMS has been used to examine the organization of diblock copotymer molecules at a polymer
interface and the effect on the molecules of crack propagation along the interface. Diblock
copolymers are materials where each molecule can be considered as a length of one material
(A) joined toa length of a second material (B) where A and B are normally immiscible. Diblocks
can be made where one or other of the blocks is deuterated. An A-B diblock has an obvious use
as a coupling agent between A and B homopolymers as each block is miscible in one of the
homopolymers hence each diblock molecule provides a single 'stitch' across the interface. Part
deuterated diblocks and SIMS have been used to show that, for long diblock molecules,
fracturing the interface causes each diblock molecule to break close to the junction between the
two blocks.

NUCLEAR REACTION ANALYSIS

NRA is essentially a variant on FRES where use is made of a reaction between He3 and D where
He4 and H are produced. A relatively low energy He3 ion beam (700 Kev) is used and the
detector picks up the forward scattered He4 ions that appear at about 5 Mev and so are easy to
separate from the forward scattered He3 ions. Depth information is again obtained from the
energy loss of the ingoing and outgoing ions. The resolution obtained is about 14-20nm FWHM
which better than FRES both because no stopper foil is required and because the energy loss
rate of the low energy input ions is fairly rapid. The ion yield in NRA is lower than that in FRES
so radiation damage might be expected to be more of a problem.

NRA is a very new technique (in polymers) and has so far been used only to study the variation
of the width of the interface between two slightly immiscible polymers as the temperature is
changed towards the critical point. These experiments have made use of the fact that, when the
chains are very long, hydrogenated and deuterated polystyrene are immiscible in each other.
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Tungsten oxide thin films produced by dip-coating from tungsten alkoxide solutions are of
interest for large area electrochromic window applications. The window systems consist, in
part, of a layer of tungsten oxide (WO3) on a layer of indium tin oxide (ITO) on glass
substrate. Electrochromic window coatings are switchable between states of transparency and
opacity by application of a small voltage. The mechanism relies on the dual injection of ions
and electrons into the WO3 layer from adjacent layers in the coating.

A number of techniques have been employed for deposition of electrochromic films. These
include sputtering, evaporation and sol-gel deposition. Sol-gel processing has an advantage
over conventional preparation techniques because of the simplicity of the equipment required
thus making possible the scaling up to large area coatings. However there is the possibility of
carbon retention (in the form of trapped hydrocarbon by-products) within the films. Such
carbon may restrict the electrochromic performance of the films. Optical properties of such
coatings depend on the tungsten:oxygen stoichiometry, and moisture may affect the stability
of the films under repeated switching cycles.

Ion beam analysis is ideal for determining elemental composition and depth profiles in these
film structures. Rutherford Backscattering Spectroscopy (RBS) of 2MeV helium ions has
been used on samples produced under a range of sol-gel processing conditions. By using the
RUMP analysis/synthesis software, profiles for individual elements in the structures have
been obtained. It is possible to profile the heavy elements (tungsten, indium and tin) as well
as lighter elements (carbon and oxygen) though with less confidence.

The apparent weakness of the tungsten peaks relative to the oxygen peaks, suggests that sol-
gel samples contain a substantial level of a lighter element, such as carbon. Figure 1 shows
the glancing angle RBS profile for a sol-gel tungsten oxide layer on ITO coated glass which
has been fired to 200°C. The simulation is calculated assuming a composition of
C0.11W0.22O0.67 m t n e t oP layer. Auger electron spectroscopy supports this estimate of the
carbon content of such films. The residual carbon can be burnt out by firing at £55O°C. The



53

decreased carbon content can be seen in the increased strength of the tungsten feature in the
RBS spectra. Figure 2 compares the measured spectra for films fired at 55O°C and 250°C.

The WO3 layers are produced by a sequence of solution dips and furnace firings. Under
certain conditions this sub-layering is reflected in the depth profile of the tungsten layer. A
model structure is postulated which is consistent with measured profiles.

Hydrogen present in the samples has been probed using forward recoil induced by the 2MeV
helium ions. The hydrogen has two potential origins, adsorbed atmospheric water and
hydrocarbon by-products of the sol-gel process. Film morphology affect the depth profile of
hydrogen in both these cases. A foil of Kapton (used with very low incident beam current)
has been used to calibrate the spectra. The measured spectra for low and high temperature
firing samples are shown in Figure 3. The decrease in signal in the high temperature film can
be attributed to hydrocarbon burnoff with the remainder due to surface water.
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Figure 1: RBS spectrum of a sol-gel deposited coating fired to 200°C on ITO coated glass. Markers indicate
characteristic energies of surface W, O and C atoms.
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Figure 2: RBS spectra for sol-gel coatings on quartz substrates showing indirectly the influence of firing
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Figure 3: Hydrogen forward recoil spectra for same samples as appear in Figure 2.
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RBS and forward recoil provide rapid non-destnictiv i methods of analysing film structure.
The carbon residue present in sol-gel films fired to lo^v temperatures is confirmed. Sublayer
structures within the sol-gel tungsten oxide layers are observed under certain firing
conditions. The distinction between adsorbed surface water and near-surface hydrocarbon
can be made.
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PROGRESS IN ION BEAM OPTIMIZATION OF MATERIALS

Zou Shichang
Ion Beam Laboratory, Shanghai Institute of Metallurgy, Academia Sinica,
Shanghai 200050, China

Abstract

The main progress in materials modification by ion beam technology in
Shanghai Institute of metallurgy is reported. Formation of SIMOX and SIMNI
by high dose implantation of 0*and N* ions, synthesis of TiN, Si3N4, and
other hard coatings by ion beam enhanced deposition, epitaxial growth of
high Tc superconductive thin films and their damaging behavior under ion
beam bombardment, and surface modification of semiconductors, metals and
polymers by ion implantation, have been widely investigated. In addition,
industrial application trials were carried out with different uses.

1. Introduction

The motivation to develop ion implantation came from IC industry, and
great achievements were realized at the beginning of 1970's. Since then,
surface modification by ion implantation were involved in metals, ceramics
and other materials rapidly. From the consideration of combining the virtues
of PVD and ion implantation, IBED has been developed in many laboratories in
recent years, and it is considered as one of the most important approaches
in making high performance or functional surface layers for various uses.

This paper reports main activities and progress in surface optimization
by ion implantation and IBED in Ion Beam Laboratory of Shanghai Institute of
Metallurgy since 1987. Contents of the paper are arranged in a sequence of
semiconductors, ceramics and metals, high Tc superconductors, and polymers.

2. Semiconductors

2. 1 Ion Beam Synthesis of multi-layer semiconductor structure
The technique of Ion Beam Synthesis (IBS) has been successfully employed

to produce a variety of buried compound layers in silicon. In recent years
we have synthesized SIMOX (Separation by IMplanted OXyeen) and SIMNI
(Separation by IMplanted Nitrogen) with doses of 10 /cm ~10 /cm at an
elevated temperature and subsequent annealing at 1000~1400 C m .The
microstructures, electrical properties of the IBS layers were characterized
by AES, RBS and SPR. By using IR reflection and its computer simulation, we
obtained the parameters for the IBS structures, such as the width of the top
silicon, the buried layer and the transition region between themt2). Apart
from further optimizing the technique of SIMOX and SIMNI, we tried many new
structure [i]. One of the most promising structure is GaAs/SIM0X[3j. The
epitaxial growth of GaAs by MBE on SIMOX substrate would result in
heteroepitaxial wafers with all the advantages of GaAs on Si and SIMOX due
to the potential for reduced parasitic capacitance, electrical isolation,
three-dimensional integration. Fig. 1 shows the RBS/C spectra for the 210nm
thick GaAs films both on SIMOX and on Si substrates. The minimum channeling
is about 10%, which means the crystal quality of the GaAs epilayers is high.
Fig. 2 shows the XTEM image of this composite structure. Sharp interface of
GaAs/Si, Si/SiO2, and SiO2/Si can be observed. The GaAs layer was defective
with microtwins and threading dislocations as the predominant defects in the
layers.

2.2 Dual implantation in compound semiconductors
InP and GaAs are important materials for a variety of microwave and
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Fig.2 XTEM image of GaAs on SIMOX

photoelectronic devices. These compound semiconductors suffer from the
stoichiometry disturbance after introducing of impurities. A promising
method to overcome this difficulty is the use of dual implantations, e.g.,
Si+/P+ and Mg+/P+ into InP and GaAs[4-6].

The measured carrier and mobility profiles of Si and Si /P dual implants
into InP are shown in fig.3. The maximum dopant activation and average
electron mobility for Si /P dual implants at a dose of 1x10 cm are 70%
and 750 cm /vs,which corresponds to a peak carrier concentration of
5x10 cm /cm while that for Si single implant at the same dose are 29%
and 870 cm /vs which corresponds to a peak concentration 1.2x10 cm . There
is a factor of four improvement in peak carrier concentration over single
implant. The highest sheet election concentration and nearly 100% activation
at peak concentration in the dually implanted sample may be attributed to
the decrease of Vp/Vin ratio caused by addition of P atoms, which result in
an increased Si occupation on In sublattice sites to act as donors[7).

Fig. 4 shows the hole concentration in Mg and Mg /P implanted InP
samples. After annealing at 825°C for 5 sec, an evident buried n type layer
appears in Mg implanted sample while there is no such a layer in Mg /P
dually implanted sample. Increasing annealing temperature to 875°C for 15s,
there is no longer a buried n type layer in the sample. The activation and
peak hole concentration in Mg /?* dually implanted sample are 68% and
1.1x10 cm . This is the highest hole concentration in InP by ion
implantation ever reported. Mg /P dual implantations are also effective for
GaAs to enhance the activation. Fig. 5 shows that high peak hole
concentration and less redistribution of Mg species in GaAs can be obtained
by Mg /P dual implantations.

2.3 Molecular effect of BF2 implanted into silicon
The bombardment of molecular ions such as BF2 , P2 and AS2 will result

in distinctive damage and annealing behavior[a-ni, which may be interesting
for both technical applications and fundamental studies of atomic collision
in solids. These molecular effects were generally explained by "spike
effects" in overlap region of cascade volumes generated by the atomic
species of the molecular ion when it penetrated into the target. The
molecular effect is related with the ion species, energy and target
temperature. In our recent work we studied BF2 implantation into silicon
with various implantation energy, doses and target temperature[i2). A
typical set of RBS spectra of BF2 implanted silicon is indicated in fig.6.
Two damage peaks in the figure are clearly separated as the incident ion
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energy is high enough. One peak is
buried at a position corresponding to the
nuclear energy deposition peak while
the other peak appears at the top
surface of the sample. Disordered atoms
in both damage region increase with
increasing of the ion doses. The surface
damage peak starts to appear at a
rather low dose, e.g. 5x10 ions/cm ,
while the buried peak can not be defined
until the dose is up to 10 ions/cm .

_ , . _ . , , . I • r- Fig-7 RBS spectra showing the damage behavior
F i g . 7 i l l u s t r a t e s a comparison Of+ of BFZ' molecular ions and F*+B* co-implants

damage behavior between molecular BF2
implants and dually implanted atomic ions of F+ and B+. Two buried damage
peaks in fig.2 are almost coincident with each other while a striking damage
enhancement takes place at the surface of the sample bombarded with BF2 .
This is attributed mainly to the multiple collision between atomic species
of the molecular ion and target
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3.Ceramics and Metals

Ion beam enhanced deposition is a hybrid of ion implantation and PVD or
CVD. It offers a film technique in applications where restrictions
previously existed. Ceramic films, such as Si3N4, TiN, have been
successfully synthesized by IBEDU3-16]. These ceramic films exhibited good
results in surface optimization of materials.



IBED Si3N4 film on Ni3Al(0.1B) could decrease the isothermal oxidation
rates obviously (fig.8)[i7). It is due to the AI2O3 protection scale formed
on the substrate surface beneath the Si3N4 film during oxidation processing.
The corrosion behavior of Ni3Al(0. IB) coated by IBED Si3N4 in aqueous
solution has been shown significantly improvement (fig.9). It is attributed
to the electrically insulating property of Si3N4 and the good adhesion
induced by ion bombardment. The results of three-point bending test
indicated that IBED Si3N4 film could suppress not only the initiation, but
also the propagation of fatigue cracks. The prolongation of the fatigue life
was explained by the increase in surface hardness, the existence of
compressive stress at the interface and the dispersion of the fatigue cracks
in steel specimens coated by IBED with Si3N4 films.

Two methods, N+-IBED and Xe+-IBED,have been developed to fabricate TiN
filmiiej. Either N+-IBED TiN film or Xe+~IBED TiN film showed strong
adhesion to substrate and good wear resistance. Fig.10 is the micrographs of
wear trace after 12000 rev in the pln-on-disc wear test for both the
uncoated specimen and IBED TiN coated specimen. The quantitative results of
wear are shown in fig. 11. This revealed that the wear resistance of the
specimen coated with IBED TiN film had been improved remarkably. The knoop
hardness of Xe+-IBED TiN film reached up to 2300kg/mm2, which was higher

+than that of N+-IBED TiN film.
The result was considered to
arise from the difference in
energy density deposited in the
film by incident N+ ion and
Xe* ion.

The Xe+-IBED TiN film has been
applied to the surface protection
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of scoring dies used for producing silver alloy working pieces. Fig.12 is a
photograph showing one of the dies. The results of the production practice
proved that the life time of the dies can be increased more than 3 times by
coated with IBED TiN coatings.

In addition, transition metal carbide films, as well as diamond-like
carbon films, have also been prepared by dual ion beam deposition at room
temperatureti9,ao]. The ion energy has proved to be a key parameter on the
structure and hardness of the film.

Ion implantation has been applied to ameliorate the wear property of
aero-electrocontacting alloy. The results showed that surface hardness of
the alloy has been increased, wear and corrosion resistance, as well as
reliability of the electrocontact, have all been improved by ion
implantation. AuNiln brush implanted with In* has been used, for the first
time, with the life time being more than one million circles.

3.High Tc Superconductor

3. 1 Epitaxial growth of YBCO superconductive thin films[2i]

Up to now, laser ablation and magnetron sputtering have been successfully
developed to fabricate the high Tc superconducting thin films with the
prospective applications. In our experiments, YBCO superconductive films
were deposited by a home made dc planar magnetron sputtering apparatus. The
target is a partial melting sintered (at 980~1000°C for 2hrs) planar
YBa2Cu307 disk. The deposition rate was about 2nm/min and typical thickness
of the film was 180nm. The zero resistance temperature Tco for the films on
(100) SrTiO3 and (100) LaA103 ranged from 88 to 92.8K. The R(T) dependence
for typical YBCO/SrTiO3 samples reveals that the linear normal-state
resistivity extrapolates through the origin and the ratio of R300K to RIOOK
is equal to 3, which characterize the film is of good quality. The critical
current densities Jc of the films in the eleven successive runs were in
excess of 106A/cm2 at 77K and the best value was 3.4x10 A/cm2 (77K, B=0).
X-ray diffraction spectrum indicated a perfect orientation with the C-axis
normal to the substrate and no unidentified peaks appearing, as showing in
fig.13. High resolution cross-sectional TEM micrograph showed that the YBCO
film with C-axis vertical to the substrate grew epitaxially from (100)
SrTiO3. The planar structure from substrate to surface of the film arranged
neatly. The FWHM of a rocking curve of the (005) line was 0.22°. Above
observation indicates that the single crystalline YBCO superconductive films
epitaxially grew on SrTiO3 containing mosaic blocks. The microwave surface
resistance, Rs, of the films was 37m£2 at 50.9GHz and 77K. Due to Rs«f , the



Rs at lOGHz should be 1.4m« at 77K, which is only one thirteenth of OFHC
copper under the same measurement conditions.

3.2 Ion implantation of YBCO films(22-24l

The films used for ion implantation have a perfect C-orientation normal
to the substrate, and a Tco above 87K. The thickness of the film was about
200nm.180 keV Ar* or 120 keV F+ ions were implanted at room temperature with
the doses ranging from 10 to 10 /cm . For all implanted samples, the
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decrease of transition temperature
Tc and critical current density Jc
was observed, and Jc decreased
much faster than Tc. However,
the onset temperature and X-ray
diffraction patterns almost remained
the same until the critical fluence
of 2.7xlO13 ions/ cm2 for F+ ions
(or 1.2x10 ions/cm2 for Ar +),

as showing in fig.14. Above the critical fluence, a change of p(T) from
metallic to semiconductor behavior was observed, and the superconductivity
of the sample was totally destroyed. After being implanted with a high
fluence of 5xlO14Ar+/cm2 (or 1. 1x10 5F*/cm2), the film became amorphous, and
the resistivity at room temperature increased by six orders of magnitude
over the unimplanted (see fig.15). Therefore, the ion implantation could be
used to pattern the YBCO superconductive films and to make Josephson
devices.

4.Polymer

The conductivity of the thermally stable polyimide can be enhanced by
almost twenty orders in magnitude, w o n the irradiation of 120 keV B* and
170 keV N* up to a dose around 3x10 ions/cm [25,26]. Plotted in fig. 16 is
the dependence of the ratio of Ii58O/Ii5oo (Raman spectroscopic intensity



61

ratio of a band at 1580 cm"1 to that at 1500 cm"1] with the conductivity. It
is seen that the conductivity tends to be increased with the increase of the
ratio. Such a high conductivity is thought to be caused by the formation of
graphite phase under the favorable implantation conditions[27] [28].

It is interesting then to reveal how the graphite particles were formed
in the modified layer. Combining RBS spectra of 150 keV As* implanted
samples and XPS results of 120 keV B+ irradiation (fig. 17) with Raman
spectroscopic results, it seems plausible that some aromatic rings would be
transformed into hexagonal graphite
cells under ion irradiation.
Consequently, it can be generalized
that the ion-beam-modified polyimide
film is microscopically a composite
of matrix made of the amorphous carbon
and the remained pristine polyimide
and the dispersed graphite particles in
it. Since the conductivity of graphite
is much greater than that of the
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matrix, the composite can be further generalized into a model of conductive
islands in an insulating medium, which was confirmed by the linear
relationship between Lnp and T ' shown in fig.18.

The irradiated polyimide is expected to be a potential candidate as both
electronic and functional materials. Currently it has been tried in
encapsulation of microelectronics. Besides, it is likely that the
temperature traducer could be made out of this material with high
sensibility and low cost. Thus, it can be predicted with confidence that
ion-beam-modified polyimide as well as other irradiated polymers will find
more applications in the near future.

5.Conclusion

(1). SIMOX and SIMNI have been synthesized by high dose implantation of 0
or N+ ions at elevated temperature and subsequent annealing at 1000~1400°C.
Furthermore, GaAs/SIMOX structure were formed by MBE of GaAs on SIMOX wafer,
and it is of perfect crystalline structure.

(2). Dual implantations of Si*/P* or Mg+/P+ were carried out into InP and
GaAs. The results indicate that co-implantation of V group element P is very
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effective to improve the electrical properties of the implanted samples for
both InP and GaAs.
(3). Molecular effects on damaging and annealing in silicon implanted with
BF2 , P2 and As2 ions have been investigated. The experimental results
were explained in terms of thermal spike effect and multiple collision
between atomic species of the molecular ion and target.
(4). Si3N4, TiN and transition metal carbide coatings were synthesized by
IBED. The oxidation resistance of Si3N4 on NiAl alloy and the wear
performances of TiN coatings were studied. The application trials of TiN on
scoring dies and implantation of In into AuNiln alloy were carried out.
(5). Superconductive YBCO thin films have grown epitaxially by dc magnetron
sputtering. The Tc and Jc were 88~92.8K and l~3.4xlO6 A/cm2. When the film
was implanted with Ar or F+ ions at a dose high enough, the resistivity can
be increased by six orders of magnitude over the unimplanted.
(6). The conductivity of polyimide has been enhanced by an order of 20 upon
the irradiation of F and N ions. The mechanism of it was investigated with
both experimental analysis and theoretical modeling.
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DECHANNELLING DUE TO NUCLEAR MICROPROBE INDUCED SWELLING.

Sean P. Dooley, and David N. Jamieson.

Micro Analytical Research Centre, School of Physics,
University of Melbourne, Parkville 3052, AUSTRALIA.

1. INTRODUCTION.

Heani induced swelling was found to be the most significant cause of dechannelling for He+

and 1I+ microprobe measurements of the crystallinity of single crystals for irradiated regions
of sizes typical of microprobe scans (~ 100 x 100 fim2) [1]. As siiown in figure 1, Swelling
causes tilling the crystal axis at the edge of the irradiated region (region B), as the surface
layers must be tilted to accomodate the height difference. Dechannelling in region A is due to
point defect creation, but swelling induced misalignment is an additional mechanism in region
13. The tilting of the axis causes significant dechannelling when the tilt reaches a few tenths of
a degree.

The present work [1] shows that this effect only becomes significant, relative to dechannelling
from beam induced point defects, above a threshold dose, D s . For 2 MeV He+ incident along
the <100> axis of Si, Ds is ~ 2x 10 I7/cm2 . Since swelling induced dechannelling is confined to
the edge of the irradiated area, increasing the beam scan size is a useful means of minimizing
its effect on \min measurements of small regions of crystal.

2. EXPERIMENTAL.

An optical micrograph of the swelling produced by a 2 MeV He+ microbeam scanned over a 60
/nn square to a total dose of l()18/cnr (~ 5DS) is shown in figure 2a. The target was <100>
Si wil.h a 100 urn epitaxial CoSi-j layer on it. The irradiation was performed along the <100>
axis at room temperature. T''e micrograph was taken with a light source positioned so that
there was almost a. specular reflection off the target surface, producing high contrast for small
variations in surface orientation that could not be obtained with SEM. A Dektak trace of the
irradiated region (figure 2b), shows that it. is swollen to a height of 320 nm, with the centre of
the irradiated region remaining relatively flat. A CCM map of the damaged region is shown in
figure 2c. The edges of the scan show far more backscatlering counts due to swelling induced
misalignment. The extent, of the dechannelling is not the same for all edges as the beam is nci,
<mile aligned with the axis.

To determine the relative importance of swelling and point defect creation as mechanisms for
dechannelling in Si, a <100> oriented silicon single crystal was irradiated at room temperature
by a 2 MeV lie"1" microbeam incident along the <100> axis, and scanned in a 60 /zm square.
The \m ;N of the edge (50% of the scan area), centre (25%) and the total \min for the scan
is plotted as a. function of dose in figure 3. The \7n,n of spectra extracted from the regions
of highest and lowest counts of CCM im gos taken from the scans that were actually used to
inflict the damage. At the edge, swelling induced misalignment was expected to be the dominant
dechannelling mechanism, while point defect accumulation is the dominant mechanism in the
centre. At a dose of 4.3 x 10 l7/cm2, which is just greater than 2DS, the \ m i n at the edge is 23%
compared to 5.0% at the centre and 3.5 % for virgin crystal. The area weighted average x m i n

of this scan is 16.6%, so the increase is clearly dominated by swelling induced dechannelling.

To show that the dechannelling at the edge of the irradiated region is due to misalignment
of the crystal rather than severe crystal damage, the sample was tilted so that the beam was
channelling into an edge of the swollen region, as shown by the "off -normal" beam in figure 1.
The Si sample was tilted by 0.5° around the y-axis and a CCM map was taken (figure 4). This



data shows substantially planar channelling in the background and right edge of the original
(>0 /im square scan, as the lilt was coincidentally about an axis. The left vertical edge shows
far fewer counts because the beam is axially channelling. The upper and lower edges show a
gK'ater backscattering intensity because these edges are tilted away from the planar channel by
swelling, and are near Random level. Dektak profiles and optical microscopy show that that
the surface of this crystal was swollen to a height of 200 ± 10 nm, and that the surface at the
edges is tilted by 0.57°, which is sufficient to cause significant dechannelling.

The same decliaiinelling mechanisms were found to apply to GaAs, but the rate of point defect
creation by the beam is about 20 limes greater than in Si [1], and is the most serious problem
for analysis. Swelling induced dechannelling is the only significant dechannelb'ng mechanism
for H+ irradiated diamond [1].

3. CONCLUSIONS.

Although the onset of rapid clechannolling in Si has previously correlated with swelling [2], the
effect of swelling has hitherto been ignored in microprobe damage studies [3 -6]. This lias led
to excessively conservative dose limits being proposed.

The present results [l] show that the dec.liannelling produced by the surface swelling had a
significant effect on the results of previous MeV energy He+ ion beam damage studies on
silicon carried out witii high doses [2-6]. All of these previous studies were carried out with
small regions of irradiation (size < 100/mi) where the present study shows that swelling induced
misalignment is the dominant dechannelling mechanism.

The effect of dechannelling due to swelling at the edge of the irradiated region is not significant
for large scans or low doses used in routine analysis. In COM analysis at doses above D s , the
edges of the scan should be about .'50 /an clear of any structure of interest to avoid dechaniielling
by the distortion of its crystal axis [1]. Also the use of lower beam current and target heating
increase the relative rate of annealing of point defects [7]. Such strategies allows higher doses
to be used than those suggested from a simple extrapolation of the results of damage studies
carried out with high fluxes on regions of a few tens of microns [3,4].
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a University of Melbourne Special Initiative Grant.
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New Applications of Accelerator Mass Spectrometry

by

.lav C. Davis

Lawrence Livermore National Laboratory
University of California
Livermore, CA 94551

Since its invention in the late 70's, and reduction to near-routine practice by the mid-
80's, accelerator mass spectrometry (AMS) has become a powerful tool for archaeological
and geochemical measurements in which cosmogenic isotopes such as 10Be, 14C, 26A1, 36CI
and I29i ^ g u s e { j a s either tracers or chronometers. The utility of such measurements is
demonstrated by the fact that most accelerators having AMS capabilities have significant
backlogs of samples awaiting measurement. In designing and justifying a new accelerator
facility in which AMS was to be a major feature, we sought to advance the field and increase
the resources available for it by two steps: 1) development of new research applications in
which intentionally added isotopic labels were used rather than just naturally present ones;
and 2) enhancement of spectrometer throughput, making new classes of experiments possible
by greatly increasing the number of samples that could be measured in individual
experiments. Results of the effort to date suggest that development of a family of very small
spectrometers optimized for just tritium and/or radiocarbon will be attractive in the near
future.

LLNL Spectrometer and Sample Preparation Facilities

The Livermore spectrometer*) is based on an FN tandem with a distributed computer
control system2) used to provide stable and reproducible operation. A 60-sample ion
source^) designed for high current operation is installed on one port of a dual 90°, dual-
focusing injection magnet. The system has been in research operation for 14C measurements
for over two years, during which time 10Be, 26A1 and 36C1 measurements have been
developed to a routine state as well. Current ion currents, accuracies, and backgrounds for
these isotopes are summarized in Table 1. Measurement capabilities for ^H, 4 1Ca and 12^I
are in development at present. Ion source currents of 50-75jxA of C~ are routinely obtained,
allowing measurement of near-Modern samples to a statistical accuracy of \% in
approximately one minute. The ion source sample changer has demonstrated sufficient
reliability that experiments in unattended operation will be possible soon. For nominally
Modern materials, we expect to achieve a routine throughput of 100 or more samples per day
at 1% accuracy.

Isotope Source Current Background Accuracy/ Unknowns
Precision Measured

10Be l-5p:ABeO- 5 x l 0 1 5 3% 350
I 4C 60-80M-AC 5 x l 0 1 5 1-1.5% 1860
26A1 0.3-lfiAAI- 1-2x10-15 3% 30
36CI 2 O - 4 O ^ A 3 5 Q - 2X10" 1 4 3% 50

Table 1: LLNL Spectrometer Performance October 1990-September 1991

The spectrometer is supported by separate graphitization lines for hot and cold
materials at LLNL, as well as satellite lines operated at Angelo State University and planned
at UC Irvine. All of these systems use the graphitization technique of Vogel4) and produce
standards and background samples that are interchangeable. Separate facilities for 10Be and
36C1 are housed in the LLNL Nuclear Chemistry Division. Developmental work on tritium
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sample preparation is in progress. To support the high throughput requirements of the
biomedical research described below, Vogel5) has developed a sealed-tube single temperature
graphitization process that routinely produces 100 samples per week for biomedical
measurements.

Biomedical and Clinical Applications

The high sensitivity of AMS for the detection of single atoms of specific isotopes
offers many opportunities to biomedical and clinical researchers. Compared to scintillation
counting, six orders of magnitude increase in sensitivity for detection of 14C are available
when using AMS. This gain can be traded off to achieve lower specific dose, higher absolute
sensitivity, reduction of sample size, or an optimized combination of all three in
measurement of processes in which the metabolites of labeled compounds are detected. In
our first biomedical measurements, we produced a five order-of-magnitude sensitivity
improvement in the quantitative measurement of genetic damage caused by a carcinogen
naturally present in the human diet.6) This result has stimulated a large program at LLNL
and elsewhere in low-level dosimetry of mutagenic and carcinogenic compounds, and
exploratory work in dose titration of chemotherapeutics. Because of the sensitivity of AMS
and our ability to perform large numbers of measurements quickly, we have begun full
pharmacokinetic studies of the effects of mutagenic compounds, i.e. the simultaneous study
of dose and time-dependence of damage. A preliminary comparison of excretion of
metabolites of PhIP is shown at high- and low-dose in Figure 1. PhIP is a heterocyclic amine
carcinogen (2-amino 1-methyl 6-phenylimidazo[4,5~b]pyridine) produced when cooking
meat.7)

1200
Urine

600

41 ng/kg

AMS

20 40 60 100

Scintillation
counting

100

TIME POST-EXPOSURE (h)

Figure 1. Preliminary data on the time-dependence of excretion of PhIP metabolites
measured by AMS and scintillation counting. There is a factor of 2.5 million in dose
between the two measurements. (Data taken from Turteltaub et.al, or personal communal)
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Combination of AMS with radioimmunoassay techniques may make it possible to
perform dosimetry of unlabeled toxins such as dioxin at levels retained in human tissue.
Such capability would be extremely valuable in studying the effects of low-level human
exposure to toxic materials.

We are pursuing measurement of tritium at low levels (T:H ratios of l:1014-l:109) for
several reasons. Despite its labile behavior compared to carbon, tritium is readily available in
many labeled biochemicals. By double labeling with both tritium and 14C on a single
molecule, one can track the effects of separate metabolic fractions of the molecule. A
spectrometer designed for tritium-only AMS appears attractively small and suitable for
clinical use. The larger challenge in this area is development of simple and consistent sample
preparation methodology.

Finally, use of other isotopic tags may allow unique measurements of elemental
inventory processes and metabolic studies. As measurement capability for 41Ca becomes
available we will begin a joint program with UC San Francisco to investigate calcium loss in
human subjects caused by osteoporosis and zero-gravity environments. This work may be
extended to study of renal disfunction in pediatric medicine.

Geochemical Applications

I4C is one of the most informative tracers with which to study the carbon cycle. The
ability to measure large numbers of small samples (<100|ig) has made detailed study of
carbon cycling in aquatic, soil and sedimentary organic carbon reservoirs feasible for the first
time. Because the humic materials in these reservoirs are complex mixtures of compounds of
varying lability, and because they are dispersed at relatively low concentrations (^1%)
everywhere on the earth's surface, a large program of sampling and measurement is required.

Research projects at LLNL during the past two years have begun a measurement
program to quantify carbon cycling in soils, especially with regard to the effects of climate
and land use change8). Additional collaborations have studied the origins, transport and
turnover of ocean and freshwater dissolved organic carbon9) and the sources of suspended
paniculate material at ocean margins.1^)

Industrial Applications

Having demonstrated that labeled compounds can be used successfully in biomedical
work without causing cross-contamination problems with samples derived from natural
materials, we are pursuing other applications of such extremely low-level tracers. Two
promising areas exist in study of tribology and of combustion and lubrication processes.
Graphite composite materials generated from fossil stocks are used in many modern clutch or
friction assemblies. Portions of them may be loaded with 14C-tagged molecules and wear
rates determined by analyzing the 14C content of oil sumps. Equivalently, combustion of
fuels or degradation of lubricants generated from fossil materials may be studied by placing
tags at specific molecular locations and detecting the combustion breakup product in the
exhaust stream or oil sump. As the parent materials are depleted in 14C, the concentration of
tag required is below all definitions of radioactivity, making the process very attractive for
industrial applications. We plan to explore these ideas in a cooperative research agreement
with Caterpillar, Inc.

Optimized Spectrometers

The applications sketched above could be used routinely in clinical and industrial
settings if small inexpensive AMS systems optimized for tritium and/or 14C were built. We
have sketched ideas for two versions of such machines.11) A tritium-only spectrometer could
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probably be marketed for under 400K$ US. Both technical demonstrations of components
and scientific applications requiring large numbers of measurements will have to be
completed to stimulate development of such machines,
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HIGH DOSE TITANIUM IMPLANTATION OF SILICON

by
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ABSTRACT

The surface modification of materials by high dose implantation is
currently being investigated in a number of laboratories worldwide.
Nitrogen ions have featured in the research of several groups who have
recently reported some of their findings . In addition, studies have
also been undertaken with other ions including carbon ' , silicon ,
iridium , and titanium, tungsten and molybdenum . While most of these
investigations concentrated on the effect of high doses on iron and
steels, other materials such as silicon and SiO have also been studied
to assess the possibilities for high dose implantation in electronic
applications.

The aforementioned research has been facilitated by recent advances in ion
source technology which have seen the successful development of a number
of high current designs. One such source is the metal vapour vacuum arc
(Mewa) ion source developed by Brown and co-workers at Lawrence Berkeley
Laboratory (LBL) . Mewa sources are capable of generating pulsed ion
beam currents up to several hundred milliamperes of most metals and
selected non-metals (e.g C and Si).

In 1989, Ansto's Applications of Nuclear Physics Program commenced a
project aimed at developing an implantation system which incorporated a
Mewa ion source. This system is now fully operational and routinely used
for ion implantation experiments. A consequence of Ansto's involvement in
Mewa ion source research was the establishment of a joint collaboration
with researchers at LBL. Initially, this interaction focussed on the
simultaneous implantation of two elements, mostly Ti and C, into various
substrates in order to investigate anomalies in the depth profiles of the
two implants. However, in 1990, the latter aim was replaced by one which
placed greater emphasis on the effects of single element, high dose
implantation into silicon and cold-rolled steel. The present report
describes the results of preliminary experiments from this study with
particular reference to the implantation of Ti into silicon.



71

A series of medium and high dose implantations into silicon were performed
using a Mewa ion source. The samples were located - 500 mm from the
source and the ion beam current and pulse repetition frequency were varied
to achieve the desired implantation conditions. In some runs, the effect
of substrate temperature on the implantation process was investigated.
This was accomplished by exploiting the combined effects of ion beam
heating and substrate mounting method. The RBS spectrum of a silicon
sample implanted with Ti to a dose of 5 x 10 cm is shown in Fig. 1.
This and similar results are discussed in light of ion beam and TEM
analyses of implanted samples.

3.5*10

3.0

2.5

i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

50 100 150 200 250 300 350 1.00 J.50

Fig. 1 - RBS spectrum of Ti implanted silicon.
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ABSTRACT

This paper describes the use of a nuclear technique to measure on-line,
the moisture content of sand in a 25 tonne hopper. The hopper is located
at a ready-mixed concrete plant which supplies concrete for building sites
in Sydney. Knowledge of the moisture content is important in achieving the
desired final 'slump' of the concrete at the building site. Costly delays
can occur if the slump is incorrect.

The neutron backscatter technique is used. In this technique, neutrons
from a portable source are scattered preferentially by the hydrogen in the
sand's water and are counted in a helium-3 detector. The moisture reading
of our nuclear instrument is fed directly to the concrete plant's
computer. (This computer controls the batching of sand, aggregate and
water to produce the concrete).

The technique could be used to measure moisture in other bulk storage
situations, for example grain silos.
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1. INTRODUCTION

The neutron backscatter technique has been used for many years to
monitor ground moisture via bore-holes, and to monitor the moisture of
bulk media in containment vessels. Several commercial instruments are
available. However, to reliably determine the moisture content in weight
percent of the medium being sampled, a calibration curve must first be
established. The calibration curve can vary from medium to medium and also
with the particular containment geometry under study.

This paper describes our calibration of a 25 tonne sand hopper at a
ready-mixed concrete plant which supplies concrete for building sites in
Sydney. Knowledge of the sand moisture content is important in achieving
the desired final 'slump' of the concrete at the building site. Costly
delays can occur if the slump is incorrect.

The aim of our work was to provide an on-line value of the moisture
content (weight percent) of the river sand in the hopper, and to feed this
moistirre value directly to the plant's batching computer. (This computer
controls the batching of sand, aggregate and water to produce the
concrete). The system is designed to be fully automated.

2. METHOD

Fast (high energy) neutrons from the source are slowed down
(thermalised) in the sand; are scattered preferentially by the hydrogen in
the sand's water, and are counted in a detector.

The neutron source used is 11 GBq (300 mCi) of americium 241 -
beryllium 8 (Am-Be). The neutron detector is a commercial helium 3 tube.
Our electronics group at Ansto has constructed an 'on-board' pre-amplifier
and ratemeter which are located inside the external housing of the He
tube. A personal computer is used for data handling and as an interface to
the sire's batching computer.

(i) Calibration of 'Test' Hopper

The system was tested by calibrating a 2.5 tonne 'test' hopper,
located at Ansto (secj Figure 1). This hopper was filled with dry river
sand of a nature similar to that of the river sand at the concrete plant.
The source and detector were positioned close together, on the top surface
of the sand, giving 2n steradians sampling solid angle.

Water was added to the sand from the top. The moisture content of
the sand rose initially, and then decreased slowly over a period of five
days, as the water diffused towards the base of the hopper. This moisture
content was measured by extracting a small sample of sand at a distance of
about 10 cm below the detector and source, and by heating to dryness on a
commercial moisture analyser (comprising oven and pan balance).

The relative counts from the He detector over a one-hour period
are shown plotted against the five different values of the moisture
content in Figure 2. The calibration of the hopper, for the particular
sampling position, is seen to be linear. This result indicated that the
moisture detection system would perform satisfactorily in the field.



FIGURE 1 - The 'test' hopper used at Ansto, containing 2.5 tonnes
of river sand.
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FIGURE 2 - Results of the moisture calibration of the 'test'
hopper of Figure 1. Each point represents a one-hour
counting period. The vertical scale shows relative
counts in the neutron detector.
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(ii) Calibration of Hopper at Concrete Plant

Figure 3 shows the 25 tonne hopper of river sand at the ready-
mixed concrete plant. The neutron source and detector each lies in its
own protective stainless steel tube. These two tubes are inserted into a
horizontal steel bracket on the external side of the hopper, near the
base. Figure 4 is a close-up view of the instrument in place. The
electronic cables from the detector run to the plant's control room - a
distance of some twenty metres.

The calibration procedure is to take a 1000 second count in the
neutron detector, then to open the gate at the bottom of the hopper and
collect a small quantity of the river sand during its fall into the weigh
bin below. (Note that this 'fall' is part of the normal concrete batching
operation of the plant - the moisture measurement procedure is designed
not to impede the production efficiency of the plant). The moisture of
the sand sample taken is determined in the oven analyser in about four
minutes, and this moisture value may be then compared with the neutron
detector counts. The contribution of the neutron count rate from neutron
scatter off nearby hoppers (containing metal aggregate and beach sand,
separately) is less than 5% of the total count.

3. RESULTS

Preliminary results are shown in Figure 5, for three different
loads of river sand. It is seen that the three points lie reasonably
close to a straight line. Unfortunately, the slope of this line is a
factor of three lower than the slope of the calibration line of the 'test'
hopper (Figure 2).

The reason for this lower slope, i.e. decreased sensitivity to
moisture, is that a layer of sand of thickness up to 10 cm becomes 'caked'
on the inside wall of the hopper during normal operation and remains fixed
there despite repeated emptyings of the hopper. This caked sand does not
necessarily have the same moisture content as the innermost sand and,
further, acts as a shield to prevent the neutrons penetrating to this
innermost sand. Thus, the hopper calibration line of Figure 5 is not the
correct one.

To overcome this 'caking' problem we are relocating the source/
detector assembly to inside the hopper. They will be positioned inside a
large stainless steel tube of 10 cm outside diameter. This stainless
steel tube will run from the top of the hopper to within 0.5 metres of the
hopper's bottom gate, a distance of some 6 metres. The neutrons will then
have unimpeded access to the surrounding sand near the centre of the
hopper.

When the revised calibration line is established, the moisture
information will be fed directly to the plant's batching computer. This
computer controls the batching of sand, aggregate and water to produce the
concrete. A small personal computer is also used for the data analysis of
the instrument. The aim is to be able to automatically adjust the 'water
trim' factor (i.e. the extra amount of water to be added Lo the batching
mix) in accordance with the known sand moisture content.
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FIGURE 3 - The 25 tonne hopper of river sand under study at the ready-
mixed concrete plant.

FIGURE 4 - The nuclear moisture instrument in place on the side
of the 25 tonne hopper at the ready-mixed concrete
plant. The electronic cables lead back to the plant's
control room.
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FIGURE 5 - Preliminary results for the moisture calibration of
the 25 tonne hopper. The vertical scale shows
absolute counts In the neutron detector over a 1000
second counting period.
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4. OTHER APPLICATIONS

Moisture gauges based on neutrons have advantages over other
commonly used techniques, e.g. capacitance and microwave techniques.
Because neutrons have no electrical charge, they can be used in situations
where the presence of electrically conducting material (e.g. metal) can
render capacitance devices useless. Also, because neutrons have high
penetration in solids, they can be used from outside a metal container.
Microwaves will not normally penetrate a metal wall.

Other bulk storage containers which might be suitable for on-line
moisture measurements using neutrons are grain silos and industrial
powders.
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NANOHARDNESS, FRICTION AND WEAR PROPERTIES OF NITROGEN
ION IMPLANTED TI-6AL-4V ALLOY.

V.CNath, D.KSood and R.R.Manory

Metallurgical Engineering Group and Microelectronics and Materials
Technology Centre, Royal Melbourne Institute of Technology, P.O.BOX.2476,

Melbourne, Vic 3001, Australia.

ABSTRACT

Polycrystalline Ti-6A1-4V alloy samples were implanted with 150 kev N + ions,
and the hardness, friction and wear behaviour was investigated before and after
annealing at 705 °C for 2 hrs; i)The hardness was measured by an
Ultramicrohardness indentation system and ii)wear and friction were evaluated
by sliding 1.6 mm ruby ball against the discs. The results shows that: 1) the
hardness increased by 150 % in as-implanted and 200 % in annealed sample,
2)the coefficient of friction is reduced from 0.29 in virgin sample to 0.11 in as-
implanted to 0.08 in annealed sample. 3)wear rate is reduced by 50 % in as-
implanted and 67 % in annealed sample. 4)post-implantation annealing caused
the formation of TiN phase at sub-surface of the sample.

1. INTRODUCTION

Over the last few years a large amount of evidence[l] has appeared in literature
covering the effect of ion implantation on the wear behaviour of Ti-6A1-4V alloy,
a material widely used in medical and aerospace applications. Recent
studies[l,2,3] have shown improved hardness and wear properties of this alloy in
as-implanted condition only, and any post-implantation annealing treatment
causes a reversal of this effect[4]. In this paper we report the influence of higher
energy and high dose nitrogen ion implantation followed by post-implantation
annealing on the microhardness, friction and wear behaviour of polycrystalline Ti-
6AJ-4V alloy.

2. EXPERIMENTAL

Carefully prepared samples of polycrystalline Ti-6Al-4y alloy samples were
implanted at room temperature with fluence of 4.22 x 101 ' N+/cm^ at an energy
of 150 keV. A liquid nitrogen (LN2) cold trap was used throughout implantation
to avoid temperature rise and also to minimize carbon contamination from high
energy implantation. Post-implantation annealing was conducted in vacuum
furnace under a vacuum better than 10"3 torr at 705 °C for 2 hrs.

RBS analysis was performed using 2 MeV He + ions at a scattering angle of 110°.
Nanohardness measurements were carried out using UMIS 2000 apparatus built
by the Division of Applied Physics at CSIRO, with a maximum load of 2g.

Dry wear testing was carried out using a CSEM Tribotester pin-on disk machine,
on which disks were worn against a 1.6mm ruby ball. No detectable wear of the
ruby ball occurred with this experimental set up. AJ1 tesis were carried out at
normal load of 0.5 N and a sliding velocity of 9 x Wz ms . In addition frictional
forces were monitored throughout each test. Maximum wear depths were
determined by profilometry using Dek Tak profilometer.



81

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Hardness measurement of near surface region.
The depth dependence of hardness in the near surface region of the Ti-6A1-4V
alloy was studied in detail using the ultralow-load microhardness indentation
technique.
In fig. 1 the UMIS data is plotted for samples implanted with fluence of 4.22 x
I01 r N + /cm% before and after annealing. The results show a marked
improvement in hardness. Improvements of ISO % in as-implanted and 200 % in
implanted and annealed samples are achieved, for hardness measured at ISO nm
depth, compared to the virgin sample. These results clearly show a greater
improvement in hardness after post-implantation annealing. These findings are in
contradiction to lower energy results reported earlier [4], where the hardness had
decreased after the annealing treatment due to the nitrogen loss and stress
relaxation of the as-implanted surface. In this study nitrogen implantation at a
higher energy, 150 keV, showed little or no loss of nitrogen, and after annealing a
further increase of SO % in hardness is achieved.

RBS analysis of the as-implanted samples show a depth of 500 nm implantation
affected zone with approximately 45 atomic % nitrogen present between 120 -
370 nm. The nitrogen distribution is approximately gaussian. However, on
annealing broadening of the nitrogen peak is observed with uniform nitrogen
distribution at about 350 nm depth. This indicated the formation of TiN phase
after annealing.

3.2 Friction and Wear Test.
Fig. 2 shows friction coefficient (u) results as a function of sliding distance
obtained from the CSEM Tribotester. The results show a consistent trend of
decreasing coefficient of friction values, from virgin to as-implanted to lowest
value for implanted and annealed sample. At running-in wear stage values of 0.29,
0.11 and 0.08 were obtained in virgin, as-implanted and annealed samples,
respectively. All samples showed similar steady state wear at about 500m sliding
distance, although "breakthrough' of the surface occurred at much earlier stage in
as-implanted than in annealed sample.

Fig. 3 shows the maximum wear depth(MWD) vs the sliding distance obtained
from Dek Tak profilometer measurements. A similar trend to friction results are
observed. An improvement of 52 % on wear depth is obtained in as-implanted
condition with a further improvement of 45 % m annealed sample. Overall an
improvement of 97 % is achieved in implanted and annealed sample.

The results presented above clearly indicate that the improvement in hardness
and wear properties of nitrogen implanted and annealed Ti-6A1-4V alloy is
associated with the formation hardened TiN layer at the surface. Also during
post-implantation annealing, nitrogen loss at high energy implant is minimal,
unlike in the case for the moderate energy, 80 keV, implants[4].

4. SUMMARY

The results can be summarized as follows:
At high energy and high dose implantation;
1) A modified surface layer was formed by nitrogen ion implantation at 150 keV
into Ti-6A1-4V alloy.
2) The hardness increased by about 150 % in as-implanted sample and about 200



82

% in annealed sample.
3) The coefficient of friction, u, is reduced from 0.29 in virgin sample to 0.11 in as-
implanted to 0.08 in annealed sample.
4) The wear rate is reduced by 50% in as-implanted sample and 97 % in annealed
sample compared to the virgin material.
5) Post-implantation annealing enhanced the formation of TiN phase at sub-
surface of the sample.
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APPLICATION OF NUCLEAR TECHNIQUES TO ANALYSIS OF TELLURIDES

- A REVIEW

by
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770 Blackburn Road, Clayton, Victoria 3168

This review presents a survey of recent resultB obtained by the application
of nuclear techniques to the analysis of mercury cadmium telluride (MCT)
and related tellurides which are used in advanced optoelectronic devices.
The presentation will be from a crystal grower/information-user
perspective. Details of analytical and data reduction techniques will be
presented by the respective experts at this conference.

The author uses the process of metal organic chemical vapour deposition
(MOCVD) to grow thin filmB at the rate of 0.3 to 3 microns per hour on
substrates such as GaAs, GaAs/Si, InP, InSb or sapphire. A modification of
the interdiffused multilayer process is used to grow the layers [1]. The
technique relies on the deposition of a multilayer sandwich of alternating
cadmium telluride and mercury telluride at low temperatures followed by
post-growth annealing at temperatures where the solid-state interdiffusion
is high (about six orders of magnitude faster than in the AlAs/GaAs
system). Over 5000 cm2 of useful material has been grown over the
l a s t four years at a nominal value exceeding $ 3 mi l l i on . With
such large areas the approach has been to sample material for analysis,
preferably by nondestructive and complementary techniques.

What does the*, crystal grower want to know about hitt epilayers?

The short answer is absolutely everything! The aim of the game is to
constantly improve the important qualities of the layers such as surface
morphology and electron mobility. Effective process development designed
to improve yield, uniformity and run-to-run reproducibility, relies on rapid
feedback on the effects of subtle changes to growth parameters. The
accurate determination of layer composition is a non-trivial task. The
correlation of complementary and sometimes conflicting data is a challenging
task for the crystal grower.

Effectg of lftttice mismatch

The large differences in lattice constant and thermal expansion coefficient
of the MCT and the heterosubstrate will affect the microstructure of the
material. We know that the epilayers are tetragonally distorted and that the
defect density will be greatest at the substrate-epilayer interface.
Parameters found for ZnTe grown on different substrates exhibit a clear
trend (X«in. % mismatch), GaAs (32, 7.6), InP (18, 3.8) and GaAs (8, 0.1) [2].
Defect density as a function of thickness has been studied for ZnTe/GaAs
[3] and CdTe/GaAs (4J. X**" i s often used as a measure of crysta l
qual i ty [5] but care should be taken to allow for d i f ferent
channeling direct ions . A critical thickness of 390 nm has been



determined for CdTe/Cdo.97Zno . 03 Te [ 6 ] . Tetragonal distortion haa been
measured for CdTe/Cdo.96Zno. o 4 Te [ 7 ] , S t ra ined layer
s u p e r l a t t i c e s can demonstrate "ca tas t roph ic dechanneling" due
to a resonance between the channeled p a r t i c l e wavelength and
the SLS period [ 8 ] , Thicker layers are known to give better x-ray
rocking curves, but all the devices made at Telecom for communications
applications use layers less than 10 000 atoms thick. We are therefore
interested to correlate material quality and device performance within our
chosen material and geometrical constraints. It has been shown that most of
the mismatch is accommodated by "Vernier" fitting of the different lattices
at the interface and that many threading defects annihilate each other
within a short growth distance.
The GaAs surface can be reconstructed to give MCT(lll)/GaAs(100) under
certain growth conditions, but this leads to twinning. Multidirectional RBS
has been used to confirm the nature and extent of twinning [9). Twinning
is not observed on (100), or the A or B polar faces of (311), (511) and
(711) substrates [10].

Distortion of the zincblende lattice

It is often overlooked when discussing crystal quality of MCT that the
mercury-tellurium and cadmium-tellurium bond-lengths are found to remain
the same in the pseudo-binary alloy as they are in the end-members. Thus
the lattice is distorted at the microscopic level. This will have an effect on
processes such as ion channeling and scattering.

Mean square displacement of the mercury atoms

In MCT the heaviest element has the largest vibrational amplitude. Combined
PIXE and RBS [11] has confirmed theoretical calculation and x-ray
measurement [12] with the mean square displacement of the Hg atoms in
HgTe of about 0.017 nm at room temperature. MSDs and hence X«in are a
function of temperature [12,13] and composition [11,14]. This must be
considered if quality of specimens is being compared.

Type conversion induced by ion beams

MCT is perhaps unique in that a large range of excitation energy sources
can change the electrical properties of p-type material to n-type. Low
energy ion beams (100-400 eV) [15] and implantation ions of 100-400 keV
are both known to induce this change. The junction depth for implanted
material is several times the mean stopping range. Most of the work has
been done on MCT but the same effect has been found for CdTe [16]. For
MCT it has been proposed that damage produces vacancies "and interstitial
Hg atoms [17]. The vacancies can aggregate into electrically inefficient
dislocation structures and the Hg atoms make the material n-type, possibly
through formation of Hg2Zt ions [18]. Implantation profiles have been
reported for 45 elements in MCT [19]. Calculation of profiles is an important
tool in assessing damage [20]. High energy ions such as 2.96 GeV Xe and
2.55 GeV Kr, have recently been shown to induce p- to n-type conversion
in MCT through the entire ion track, with active defects mainly due to
atomic collisions but some energy transfer from electronic loss [21]. The
electronic stopping power for projectile energies of 10 keV to 100 MeV have
been calculated, taking account of valence and core electrons [22]. RBS is
of great value in the study of radiation damage and annealing [23,24].
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Evolution of point to extended defects has been studied by implantation
and RBS at different temperatures [25J. A nuclear microprobe has been
used to study the damage as a function of 2 MeV H+ and 3 MeV He* dose
[26] and is invaluable in identifying metallization process errors and
studying local crystal quality [27].

Lattice location and absolute poiaritv determination

PIXE and channeling have shown substitution into the cation sublattice of
Zn doped CdTe [28]. Channeling technique allows absolute polarity
determination of MCT epilayers [10,29-32]. Forward scattered ion-induced
secondary electrons have recently been used for polarity of GaP and InP
[33].

Effects of MCT surface treatments

RBS has been used to investigate the formation mechanism and composition
of photochemical oxides grown on MCT [34,35]. Hg loss and lateral migration
due to laser annealing has been studied [36], Te or Cd enrichment and Br
contamination from etchants has been found with 4He or l2C [ 3 7 ] .

St.o ichiometry and t r a c e anq.lysis

RBS does not require calibration and the composition of MCT has been said
to be comparable to FTIR or microprobe analysis with accuracy in x ±0.01
[38] or even ±0.001 [39]. Determination of trace carbon is a topical issue
when using organometallics or carbon-lined quartz for MCT growth. SIMS
[40] is limited by residual gases in the vacuum system, and this is also
found in nuclear reaction and charged particle activation such as
12C(d, n ) 1 3 N(JBf )->J 3 C [41] where it is necessary to etch off ion-beam
deposited carbon from the CdTe sample prior to counting gammas. The
reaction i 6O(d,p)1 7O can i n t e r f e r e with carbon d a t e c t i o n [ 4 2 ] .
Hydrogen has been determined in ZnS by the reaction 1H(19F,of # ) 1 6 O
[43] and implanted f l u o r i n e in MCT by the r e a c t i o n 1 9 F(p , a r
y)16O [ 4 4 ] .
Simultaneous RBS/PIXE is very useful for determination of both thickness
and average composition over depth at a given point [45,46] but in some
cases XRF has been shown to be faster and easier [47]. The problems of
PIXE data processing have been contrated with EPMA [48].
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SURFACE ANALYTICAL TECHNIQUES APPLIED TO MINERALS
PROCESSING

by
Roger St.C. Smart

Surface Technology Centre, School of Chemical Technology
University of South Australia, The Levels, SA 5095, Australia

An understanding of the chemical and physical forms of the chemically altered layers
on the surfaces of base metal sulphides, particularly in the form of hydroxides,
oxyhydroxides and oxides, and the changes that occur in them during minerals
processing lies at the core of a complete description of flotation chemistry. This paper
reviews the application of a variety of surface-sensitive techniques and methodologies
applied to the study of surface layers on single minerals, mixed minerals, synthetic
ores and real ores. The incentive for the study was provided by a major AMIRA (i.e.
Australian Minerals Industry Research Association) project involving base metal
sulphide concentrator operations from eight Australian and three overseas companies.

The use of ex-situ surface techniques, i.e. XPS (ESCA), scanning Auger microscopy
and analytical SEM, has required the development <md validation of sampling and
sample introduction methodologies to ensure that the chemical information obtained in
the surface analyses are directly related to chemical changes introduced in the mineral
slurry solution during processing. The project has pioneered new procedures! 1J
designed specifically to (i) remove dissolved oxygen inhibiting further oxidation of
mineral surfaces; (ii) freeze the sample inhibiting continuing dissolution of soluble
phases (e.g. pyrrhotite); (iii) remove dispersed fine particles by successive
sonication/decantation and; (iv) introduce the sample to the instrument as a slurry
without exposure of the mineral surfaces to air by evaporation of the solution phase
in the fore-vacuum. Validation of the procedure will be described. Systematic
changes of surface states, exemplified below, can be followed with alteration of the
process chemistry giving confidence that this sampling methodology has overcome, at
least in part, some of the major difficulties experienced with previous surface analyses
of complex ores.

It is now well established that all metal sulphide minerals oxidise in solution
producing oxide and hydroxide products on their surfaces. The forms of these
oxidation products, i.e. as particles, precipitates, continuous layers and the chemical
alteration of the metal sulphide surfaces have long been known to be critical to the
recovery and selectivity of mineral separation by flotation. Descriptions of the
chemical and Physical nature of these oxides and hydroxides have, however, been
somewhat speculative and idealised when applied to mixed mineral systems. In
particular studies of the attachment of oxidised fine particles to the surfaces of larger
minerals, the extent of detachment of colloidal precipitates, oxidised fine particles and
continuous oxidised layers by chemical treatments used in mineral processing and the
adsorption of conditioning and collector reagents to mineral surfaces have formed the
central themes of the work. Evidence from combined XPS/S AM7SEM studies, to be
described in the talk, have provided images and analyses of three forms of oxide,
oxyhydroxide and hydroxide products on the surfaces of single sulphide minerals,
mineral mixtures and complex sulphide ores. They comprise:

1. Separate floccs (~ 1 -5um aggregates) of colloidal iron hydroxide spheroids (each
~0.1-0.5um) as loose clumps attached to pyrite and chalcopyrite surfaces
apparently deposited as precipitates from solution. Most of these floes are
removed by the sonication/decantation treatments.

2. Separate fine particles (<5um) of heavily oxidised sulphides attached to larger
sulphide grain surfaces. These are partly but not wholly removed by
sonication/decantation. Their chemical forms from XPS spectra appear to be
predominantly hydroxide but with some possible oxyhydroxide crystallites.
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3. Layers of hydroxide on the sulphide mineral surfaces of varying thickness. On
surfaces of pyrite and chalcopyrite examined to date, these layers appear to be
continuous but more work is required to establish the generality of this result.
They are not removed by sonication/decantation. The chemical form of these
layers appear to be predominantly Fe(0H)3.

Figure 1 and Tables 1 and 2 illustrate some of the results leading to these conclusions
that will be discussed in the review.

Table 1: Surface Analyses from 1:1 Pyrite/Chalcopyrite Mixture (ground
in pH9 Solution)

Atomic concentrations (at.%)before and after ion etching (-SOnm)

Point

1. (Pyrite)

2. (Pyrite)

3. (Fe(0H)3
Roc)

Before
After
Before
After
Before
After

4. Chalcopyrite Before
After

5. Chalcopyrite Before
After

Ee
20.2
31.3
21.8
31.2
20.0
29.8
21.2
29.1
12.2
28.6

S
45.4
68.7
24.0
68.8
21.4
57.0
22.1
65.3
41.8
65.3

Cl!

10.2
.
3.8
-
4.2
-
4.1
3.3

18.8
6.4

Q

2.9
.

26.7
-

29.2
7.6

30.4
2.3
4.8
_

Oxygen
thickness
-5nm

-30nm

>300nm

-80nm

-lOnm

Table 2: XPS Surface Concentrations (at.%) from Minerals Ground in pH9.6 Buffer Solution
Before and After Fine Particle Removal

Element

C*

O

Fe

S

Cu

Be
lniL

37.3
23.5
39.2

ore
Bched*

-

24.0

41.5

34.4

He

In it.

24.6

27.7

47.7

After

Etched

-

3.9
54.9

41.2

Int.

-

18.6
23.5
33.0
24.9

UialcoDvnie
Before

Bched

5.1
36.0
28.7
30.2

A
Init.
-

16.4

19.5

36.8
27.2

6s
Etch

-

3.6
34.2

31.3

30.8

* C contamination not considered in surface concentrations
t ion etching tyo ~50nm depth in each case

The pioneering work of Alan Buckley and colleagues [e.g. 2] using XPS has shown
that the sulphide surface underlying the oxidation products becomes increasingly iron
deficient causing a shift in the S 2p3/2 signal from the normal S2" position (i.e.
161.1 eV) to higher binding energies systematically approaching the binding energy of
elemental S (i.e. 163.3eV) as depletion of the metal increases. We have examined
pyrrhotite Fej-xS surfaces ground in air, water and acid solution. In air or water the
surfaces form amorphous layers containing carbonate, sulphate, iron (III)
oxide/hydroxides and an iron-deficient sulphide surface with the S 2p doublet shifted
1.0-1.8eV to higher binding energy. Figure 2 shows curve fitted spectra from Fe 2p,
O Is and S 2p regions of pyrrhotite surfaces ground in water before and after ion
etching (i.e. ~50nm depth). Fe species as FeS (~707eV), Fe(II) oxides/hydroxides
(~709eV) and Fe(III) oxides/hydroxides (710.5-712.5eV). together with oxygen
species as O2- (~530eV), OH" (~531.5eV) hydrated water (~533.5-534.5eV) and S
doublets as S2~ (161.1, 162.4eV) and Fej-x-yS species (shifted to higher binding
energy) are shown in the curve fits. The initial surface (Figure 2a) exposes relatively
low concentrations of unaltered FeS, high concentrations of ferric oxides/hydroxides
and a predominant S 2p doublet shifted 1.8eV to higher binding energy indicating
substantial iron depletion of the sulphide surface. After ion etching, the Fe signal
shows increased FeS exposure and reduction of some of the Fe(III) to Fe(II)
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oxides/hydroxides, the O signal shows loss of OH* and increased O2" species and the
S signal also shows loss of the high binding energy - shifted metal deficient sulphide
species with corresponding increase of the S2~ species. After acid reaction, it is found
that the pyrrhotite surface loses oxide/hydroxide products leaving a metal-deficient
surface which partly restructures to a crystalline, defective tetragonal Fe2S3 product in
which linear chains of Sn have a S-S distance similar to elemental sulphur but with the
XPS S 2p binding energy still 0.2-0.6eV less than elemental sulphur.
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These experiments have provided some insight into the nature of hydrophilic and
hydrophobic regions responsible for flotation behaviour in different pH conditions.
The implications for flotation separation will be discussed.

The work has also turned up several examples of the influence of collector molecule
adsorption (e.g. xanthates) on the oxide/hydroxide products formed on sulphide
mineral surfaces. It has been previously suggested [3] that xanthate sometimes has
the dual role of increasing the hydrophobicity of the sulphide surface and of
counteracting the hydrophilic effects of hydroxides although the mechanism by which
the latter effect is achieved is not yet defined. It is clear that simple dissolution by
complexation, as can be achieved with other complexing agents, e.g. EDTA, cannot
be invoked because the amount of xanthate needed to achieve flotability is orders of
magnitude below that required for complete conversion of the iron hydroxide to metal
xanthate complexes. XPS spectra, however, do provide evidence of surface cleaning
action as in Figure 3 where the Cu 2p signals from a ground chalcopyrite surface
(initially oxidised in solution) before and after addition of butyl xanthate are
compared [ 1 ]. Despite removal of the hydroxide species from the Cu 2p spectra, iron
oxide/hydroxide species remain in the Fe 2p spectra of this surface indicating that the
cleaning action has been confined to the exposed copper-rich iron deficient
chalcopyrite surface but has not removed all of the oxidation products from the
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surface. The higher binding energy shoulders on the Cu peaks, attributed to charged
hydroxide species, are removed by the addition of the xanthate. Similar sharpening of
Pb, Fe and Zn peaks on addition of collector molecules specific to these sulphides has
also been observed in samples derived from the concentrator plant circuits.

XPS Cu 2p ipecira from trounq chalcopynce surfaces derived from
a) dualled wicer (upper curve) t>) pH 9 putp «.ih 5»IO *M buiyl xanthate addition

|lo«er curve) Note ihe removal of ihe hifh bmdinj enerfy copper hydro«ide
species ifter addition 01' lamhate collector Some iron hydroxide remains,

however, in Fe 2p iptcira

Fig. 3

BINDING ENERGY. aV

Other features derived from studies of ground ores, conditioned feeds, concentrates
and tails in flotation circuits[ 1 ] include:
- that mineral surfaces in concentrates are highly conductive (i.e. uncharged in XPS

spectra) whilst tails surfaces tend to be insulating (i.e. 2.5-5.5eV charging);
- there is a major reduction in hydroxide concentration and thickness on mineral

surfaces in concentrates relative to the feed to the flotation (i.e. flotation is selective
for less oxidised surfaces) but tail surfaces generally show increases in hydroxide
concentration and extensive oxidation of mineral surfaces;

- mineral - specific flotation separations (e.g. chalcopyrite, galena, sphalerite) produce
concentrates in which the metal (e.g. Cu, Pb, Zn) signals are narrower, single
species sulphide peaks relative to the conditioned feed which show broad high
binding energy shoulders on the same signals. The tails always show very broad
metal peaks with the predominance of the intensity in the high binding energy
charged hydroxide species;

- the surfaces of concentrates still exhibit complex compositions of surface layers and
signals from attached fine particles (e.g. oxidation products, other sulphide
minerals, gangue minerals) but the exposed concentration of the relevant metal
generally increases 5-15 times relative to the exposure in the feed;

- carbonate and sulphate species are found predominantly in tails with much reduced
surface concentrations on minerals collected in concentrates after flotation;

- there is wide variation between different ores in exposure of pyrite,
sulphide/sulphate ratios, and effects of the same conditioning reagents
(e.g. metabisulphite, cyanide, MIBC).

The particular effect of cyanide on galena flotation has been studied in detail by
comparison between the different concentrator operations in the AMIRA project [4J.
Cyanide is variously described in flotation literature as an iron sulphide depressant, a
preventer of sphalerite activation and an activator of galena. In the majority of cases
where the cyanide conditioning has been successful, the cyanide acts primarily as an
enhancer of galena flotation kinetics leaving the sphalerite and pyrite responses largely
unaffected. The particular case of cyanide addition at Pasminco Elura is exemplified in
Table 3 with accompanying XPS spectra in Figures 4 and 5. The increase in early
flotation of lead is evident from the Table. The XPS spectra show that the Fe and Pb
signals are primarily affected by cyanide addition indicating that this reagent interacts
specifically with the galena and pyrite minerals. The Zn, i.e. sphalerite, signals are
unaffected. The lead concentrate following cyanide treatment showed a relative
increase in surface exposure of lead (5x), iron (2x), zinc (1.5x), sulphide (1.6x) and a
relative decrease in hydroxide (0.8x) compared with the conditioned feed. The
chemical states of lead with and without cyanide following addition of the collector
were considerably different as seen in Figures 4 and 5. There is a considerable loss
with cyanide of the high binding energy shoulders attributed to charged hydroxide
species although the signals for the Pb 4f spectra are still relatively broad. The
equivalent lead concentrates, however, show much sharper PbS species (Figure 5). It



It is still evident that the lead signal from the concentrate without cyanide has a
broadened, high binding energy contribution indicating some hydroxide contamination
of this surface. Hence, addition of cyanide appears to have a particular effect, in the
presence of collector, in cleaning the surface for flotation separation.

Table 3: Metal Sulphide recovery with time as a function of Cyanide

Lead

Zinc

Iron

time
min.

1
3
6

1

3
6

1

3
6

Collector conditioning
on ly .

OmV

38
46
49

1 6
23
24

25
33
35

lOOmV

32
50
57

1 1
1 8
23

1 5
23
28

200mV

8
26
63

4

9
1 8

4

1 1

25

300mV

21
32
46

7
10
1 5

8
13
19

Cyanide plus Collector
conditioning.

OmV

60
62
64

1 4

1 5
1 7

26
29
31

100mV

62
76
89

8
1 2
1 a

1 5
2 7
37

200mV

59
71
84

7
9
1 5

1 0
13
24

300mV

60
69
83

8
9

16

t o
12
21
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Accelerator Based IBA Techniques in Aerosol
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David D. Cohen. H. Nooraan, D. Garton, E.Stelcer

ANSTO, PMB1, Nenai, NSW, 2234, Australia

The study of fine aerosol particulates, with diameters in the range 0.1 to 5
pm have significance in health and pollution studies. These fine particles
are light enough to be transported long distances by air currents and are of
an optimal size to lodge in the human lungs. Particles with diameters
smaller than this are exhaled from the lungs, while course particles, with
diameters much larger than 10 jam, tend to precipitate out closer to their
source. Fine particles play an important role in such key areas as
visibility impairment and acid rain precipitation and are also a result of
combustion processes such as occur in coal-fired power stations and fuel
burning in cars.

These fine aerosol particles occur in air with elemental concentrations, for
elements from H to U, from a few ngnr3 to hundreds of ngm~3 and are readily
collected, using standard sampling techniques, by drawing air through filter
paper. Filter papers produce ideal thin targets for accelerator based Ion
Beam Analysis (IBA) techniques such as PIXE, PIGME, and PESA. IBA techniques
for trace element analysis have several features which make them suitable
for large scale surveys encountered in aerosol pollution studies. Some of
these features include; multielemental analysis, PIXE is capable of
detecting more than 30 elements in the range Si to U with detection limits
from a few ugg-' to 100%; they are non-destructive and capable of analysiing
milligram samples with minimal or no sample preparation in just a few
minutes of accelerator running time. There are currently more than a dozen
laboratories world wide using IBA techniques for aerosol analysis, some
analysing more than 30,000 samples per year for more than 30 different
elements.

At ANSTO we have commenced a 3 year fine aerosol particle program which is
currently building 20 sampling units which will run for a full 12 months
generating more than 3000 filter paper samples. The program is being run in
collaboration with the State Pollution Commission, Electricity Commission of
NSW, Universities of NSW and Macquarie. We propose to take aerosol filter
samples from an area, shown in Fig. 1, covering Wollongong to Newcastle and
west to Goulburn and Bathurst, an area which includes both urban and non-
urban environments as well as national parks and large industrial areas.
Each grid square corresponds to 60x60 km and the program will survey 72,000
sq. km.

The 3 MV Van de Graaff accelerator will be used to analyse each filter paper
using Particle Induced X-ray Emission (PIXE), Particle Induced Gamma Ray
Emission (PIGME) and Particle Elastic Scattering Analysis (PESA)
simultaneously. Typical PIXE results on filter papers from Al smelting line
and aerosols collected in urban Melbourne are shown in Fig. 2 and 3
respectively, elements from Al to Pb are clearly visible. Elements like S
and Zn are signatures of combustion processes, Pb and Br of automobile



emissions and Si, Ca, K, Al, Fe of oxides of soils or other
pollutants. These spectra were obtained with 8 mm diameter, 2.6 MeV proton
beams with currents of less than 1 nA/mm2 for run times of around 10 mins.
Minimum Detectable Limits (MDL), for the filter paper, for K shell X-rays
only obtained from similar spectra are shown in Fig. 4. We typically run 25
mm diameter Teflon filters for 24 hours pumping 22 1/min of air, so 1 ug
cm*2 on a filter paper corresponds to only 72 ngnr3 in air. Hence MDL's in
air for PIXE are typically a few ngnr3. The Californian air standards for,
sulphates for 24 hrs requires < 25 \xqwr* , for sulphur dioxide for 24 hrs <
130 nqnr3, for hydrogen sulphide for 1 hr < 42 ugnr3. for vinyl chloride for
24 hrs, < 26 yigm-3 and for suspended particles (PM10) for 24 hrs < 50
ugrrr3, well above the PIXE MDL's for these elements.

Standard PIGME techniques are used simultaneously with PIXE to measure light
elements like Na, Al, F, Li, ..not covered by PIXE. The sensitivities for
these elements are at least an order of magnitude worse than PIXE because
nuclear reaction cross sections are much smaller than atomic X-ray
production cross sections. Furthermore, if Teflon filters (CF2) are used F
in particulates obviously can not be measured and Compton backgrounds in our
Ge(Li) detectors from 6 MeV flourine (p,r) reactions also worsens the
sensitivity for other light elements. However, sensitivities of 1 jigcm"2 or
better on the filter paper are still obtainable.

We are also using the PESA technique to forward recoil H (20° to 30°
reaction angle) from the filter and estimate its concentration as well. For
this, Teflon filters which contain no H must be used. Preliminary tests and
comparisons with 3.5 y/n thick Mylar (CioHaO*) standards show that a MDL of
0.23 jjgcrrr2 on the filter paper which corresponds to 20 ngirr3 in air is
readily obtainable. Fig. 5 shows a typical H recoil spectrum from Mylar,
with an H concentration equivalent of 20 ̂ gcnr2. The narrow high energy peak
corresponds to scattering off C, 0 and heavier elements while the H bump is
well separated from this and clearly visible above the background after just
a few minutes of running time.

The 12 month sampling program at ANSTO will add significant information to
the limited data base on NSW fine aerosol particulates. It will provide data
on the concentrations of toxic elements resulting from such processes as
coal burning, steel making, aluminium smelting, smog and visibility
impairment and will assess their effects in both urban and non urban
environments. We expect to analysise over 3000 filter papers for up to 35
trace elements over 12 months with just 2 days of accelerator running time
per month. This demonstrates the power of accelerator based IBA techniques
in aerosol particulate studies.
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IN CHROME SPINELS BY AEM AND ALCHEMI

TJ.White1, D.R.Cousens2. P.S. Turner2 and W.L Griffin3

'Electron Microscope Centre,
University of Queensland, St Lucia 4066

2School of Science and Technology,
Griffith University, Nathan 4111

3CSIRO Division of Exploration Geoscience
North Ryde 2113

Nb and Zr are regarded as incompatible elements in that they are not normally found at high
concentrations in the crystal structure of the principal minerals crystallised from mantle
magmas. Their limited solubility suggests that partitioning from the melt into the minerals
will be highly temperature dependant. They may therefore have potential as geothermometers.
PIXE microprobe measurements have shown these elements to be present in chrome spinels
at trace levels of the order of 7 ppm Nb and 60 ppm Zr \ The PIXE measurements are unable
to determine whether Zr and Nb were present as sub microscopic inclusions or in solid
solution, substituting on the Fe and Cr sites.

Site substitutions and atom locations in crystal structures can be determined by electron
channelling experiments in the Analytical Electron Microscope using the ALCHEMI (Atom
Location by Channelling Enhanced Microanalysis)2 The X-ray intensity of the elements of
interest and the primary (marker) elements in the crystal structure are measured for axial and
non axial channelling orientations. A statistical method3 may be used to determine the sites
and site abundances of minor and trace elements for the structure.

ALCHEMI experiments have shown that Nb and Zr as well as Si are present in solid solution
in chrome spinels with considerable variability in concentration from crystal fragment to
crystal fragment indicating zonation of the trace elements. Nb substitutes on the Fe2+ and Zr
on the Cr3* sites in the structure.

The data obtained indicate the complementary nature of the results which can be obtained
using a combination of ion beam and electron beam analytical methods.

1 Griffin, Ryan, Fisher and Friedmann, unpubl. CSIRO Report.
2 Rossouw et al Phil. Mag. Letters 60,225,1989.
3 Turner et al, Journal of Microscopy, 162,369,1991.
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Cr'crCr'cr • Zn'crZfcr

Charge Balance Equations for Zr substitution on Cr sites
and Nb substitution on Cr and Fe sites

< 1.4 2.060 leeU .:

Figure 1: Energy dispersive X-ray spectra
from Ellen—A chromite
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Time-of-flight Energy Detector for High-energy Heavy Ions

by

Z. Fang and D.J. O'Connor
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1. Introduction

Silicon surface barrier detectors have a severe limitation performing the energy
analysis on heavy ions (Zx^3) due to damage induced degradation of the energy
resolution. Different approaches have been developed to overcome these difficulties
[1,2]. A time-of-flight detector is an approach of particular interest [3,4,5,6]. The
principle is simple: one measures the time T taken for the ion to travel along a defined
length L. When the ion mass M is known, then the energy E is given by:

E=|M(L/T)2 (1)

The uncertainties AL, AT result in a finite energy resolution AE, which can be written
approximately as:

AE2=(dE/dT)2 AT2+(dE/dL)2 AL2+AEloss
2 (2)

Where AEloss is related to the ion energy loss straggling when it passes through a thin
carbon foil to produce secondary electrons as a timing signal. Detailed analysis of the
energy resolution AE has been given elsewhere [5,6]. It reveals that for heavy ions like
16O and 35C1, AL should be less than 3mm and AT should be less than 200ps for a lm
flight path to have an energy resolution better than lOOkeV. Design of such a time-of-
flight system involves a trade off over the selection of AL, AT and detector performances,
such as solid angle and efficiency. In this paper, we present some considerations on the
design of a time-of-flight detector and speculate on the possibilities to improve the
current existing systems.

2. Geometry arrangement of the detector system

The simplest type of the detector system is the tilted foil type where the ion beam
passes through a tilted carbon foil. Electrons emitted in the forward direction from the
foil are accelerated by an electric field from a biased grid and a good time resolution AT
can be easily obtained [4,5,7]. One difficult associated with the tilted foil detector is that
the flight path difference AL is large. If tilted foil detectors are used for both start and
stop timing signals [7], then the solid angle will be seriously limited. As a improvement
[5,8], the stop detector can be set normal to the beam line which reduces AL and so
increases the solid angle. This type of detection system can be further improved by
tilting the stop detector to a pre-defined angle in the same direction as the start detector.
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top (see Fig.3 for details).
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Fig.l shows such a geometry arrangement and the improvement on flight path difference
AL is shown in Fig.2(a). It gives a dramatic reduction in (AL)max, which is comparable
to the value of the geometry arrangement for both detector normal to beam line.
Unfortunately, such an improvement no longer exists when the beam spot O has a finite
size (±Ay). The (AL)max is then comparable to Ay as is shown in Fig.2(b) and cannot
keep nearly unchanged as the normal-to-beam-line geometry does. From this point of
view, the normal-to-beam-line geometry is the best. To take the advantage of this
method different scheme must be employed.

When the incoming ion beam passes perpendicularly through the carbon foil and
produces secondary electrons, these electrons then must be accelerated and bent by
electric and magnetic fields to reach the microchannel plates. To obtain a good time
resolution, it is necessary that a isochronous electron trajectory exists over the whole
detector area. A system to achieve this outcome will be described below.

3. Secondary electron collecting system

There are several designs for isochronous electron collection and each one has
advantages and disadvantages. Two widely used designs are the half turn cyclotron timing
detector and the electron mirror timing detector [3,6]. In these designs, grids are used
to accelerate electrons and let them pass through. In fact, the grids are causing some
problems. An effort to use grid-free isochronous electron collecting system in the
time-of-flight detectors has been reported [8,9]. This design employs uniform electric
and magnetic field to realise the isochronous electron trajectory. As an extension of this
approach a new design is under investigation and based on a nearly isochronous electron
trajectory in a non-uniform electric field and uniform magnetic field. The basic outline
is shown in Fig.3, and the electric field is presented by the equal potential lines. The
flight time of the secondary electrons from different positions of the carbon foil is nearly
the same as is shown in Fig.4. Compared with previous designs, the secondary electron
need not pass through any grid and has an energy around several hundreds ev reaching
the microchannel plate. Also the arrangement of the electric field is simple and compact
allowing a solenoid rather a permanent magnet to produce an uniform magnetic field.

Further details and developments of the new type isochronous electron detector are
under review and the results will be reported in the near future.
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ABSTRACT
Scanning Tunnelling Microscopy (STM) has been used to image a number of

biological molecules including thrombospondin (TSP) and glycoprotein 88 (GP88). In this
paper, STM images which clearly resolve the morphology of these molecules are
presented. Ultimately, it is hoped that STM will provide information about the
interaction between these molecules after overcoming problems associated with sample
preparation and reproducibility of results which are discussed.

INTRODUCTION
Thrombospondin is a complex, multi-function, multi-domain glycoprotein initially

identified in platelet alpha granules and involved in platelet aggregation - an important
event in blood clotting. Subsequently the ubiquitous nature of this glycoprotein has been
recognised. It is synthesised by blood vessels, circulating white blood cells and fibroblasts
from a variety of organs and tissues. The molecule, composed of three covalently linked
dumbbell shaped protein chains is secreted into the extracellular matrix in which cells
lie1. It appears to be important in influencing certain elements of cell behaviour such as
migration and division2. Abnormal cell migration and division are key characteristics of
cancer cells. Our interest in TSP centres around its interaction with cell receptors which
bind the molecule and provide a signalling path to the cell. It is through this receptor
binding that TSP influences cell behaviour.

One of these cell receptors is thought to be a molecule known as glycoprotein 883.
The amino acid sequence of this molecule is known* and suggests that the molecule
could be configured within the cell membrane in a number of different ways. It is
postulated that the function of a receptor is governed by the configuration of the
molecule and that ligand binding events can trigger conformational changes. It is hoped
that STM will provide the means to observe this interaction and visualise any
configurational changes induced by binding.

EXPERIMENTAL
Images were taken in an air operated STM and samples were found to be

sufficiently conducting such that a metallic overlayer was not necessary, thus avoiding the
destructive effects of a vacuum environment and coating which are required for electron
microscopy (EM). Samples were prepared on a freshly cleaved substrate of highly
oriented pyrolytic graphite (HOPG). The HOPG surface can be atomically flat over
areas up to several microns providing a featureless background on which deposited
molecules may be observed.

TSP samples were deposited as a drop of pure protein diluted in a calcium salt
solution, similarly GP88 samples were diluted in a detergent solution. Samples were then
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allowed to air dry or were further diluted with alcohol in order to break down the
surface tension of the droplet to provide a more even coverage. The best results to date
have been obtained for air dryed samples although this technique has proved somewhat
unreliable due to the formation of crystallites at the final stages of evaporation which can
completely obscure the TSP or GP88 molecules.

RESULTS AND DISCUSSION
Figure l(a) shows an STM image of TSP, which we believe consists of a pair of

molecules attached to the steps on the graphite surface. It should be noted that such
images containing molecules were only obtained after a large number of scans since this
molecule tends to aggregate when deposited in high concentrations. In order to identify
the individual components of these molecules a model based on the expected structure,
(figure l(c) from ref. 1) is shown in figure l(b). The TSP monomer consists of a small
globular region N approximately 8nm in diameter connected by a thin chain to a larger
globular region C approximately 17nm in diameter. The three monomers comprising the
TSP molecule are shown to be bonded close to the N regions. The left hand side
molecule appears to be missing one of the larger globular C regions as indicated by the
arrow. It is possible that this region is hidden underneath the right hand molecule,
although more likely, this region has been severed from its connecting chain.

Figure 1. (a) STM image of TSP molecules on graphite, scan area = 140 x 140 nm, Z scale = 13.5nm.
(b) model showing structure of TSP molecules in l(a). schematic model of the structural and function
organisation of the TSP molecule, (d) TEM image of TSP molecules deposited on mica (from ref. 1).
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Figure l(d) is a rotary shadowed EM image of TSP prepared on mica and carbon
coated. EM imaging has shown the TSP molecule to be 60-70nm in length though it
frequently exists in pairs or even aggregates of several molecules, however, it is clear that
the ability of EM to resolve detailed structure of this molecule is limited.

An STM image of GP88 is shown in figure 2. Both from the symetry and
dimensions of this structure we conclude that the image contains two molecules which
are joined at their hydophobic ends. Other images in which a larger number of molecules
have agregated seem to suggest a similar form of binding between the ends of the
molecule. It is hoped the STM will be able to image the GP88 molecule deposited onto
a phosolipid bilayer on HOPG to simulate a cell membrane such that the natural
configuration of this molecule may be studied.

Figure 2. STM image of GP88 molecules deposited on HOPG. Scan area = 100 x lOOnm, z scale = 7.0nm.

CONCLUSION
We have shown that the STM has the ability to image biological molecules such

as TSP and GP88 and promises to provide a valuable contribution to the field of
ligand/receptor research. To this end future work in this area will concentrate first on
improving our sample preperation techniques followed by an investigation of the
interaction between TSP and GP88, and GP88 and the cell membrane.
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SKIPPING MOTION
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INTRODUCTION

The first prediction of the phenomena of 'skipping' of particles off
surfaces was made in 1979 by Otsuki [1]. The effect was postulated to
involve the image potential of an ion near a surface. As the ion
approaches a surface the attractive potential developed by the image charge
in the surface produces a bound state in the surface region. If the ion
loses sufficient perpendicular momentum it can be trapped into that
potential. A necessary, but not sufficient, condition for the observation
of skipping is that a series of discrete energy loss peaks appear in the
energy spectra corresponding to oscillations in the bound state. The early
theoretical work suggested that this phenomenon could be observed with a
lOOkeV ion beam at an angle of less than 1° to the surface. This placed
severe constraints on the quality of the crystal used in this
investigation. Constraints which are just now being achieved.

The experimental constraints could be relaxed if the incident energy energy
was reduced and that is why the first observation of skipping was reported
using 2 keV Si off Cu(lll) [2]. One of the first observations is that the
mechanism originally proposed by Otsuki cannot be used to explain these
observations and in this case the binding potential has a chemical nature
characteristic of the projectile and the target. The interpretation of the
results is not universally accepted as it can be claimed that the
observations are the result of a channelling phenomenon in which the
projectile passes through the surface layer and oscillates between the
first and second layer before eventually escaping. Several tests have been
performed to ensure that this process is not occurring. The most
conclusive is that of using different projectiles. Subsurface channelling
should occur for all projectiles provided that they can enter the
subsurface channel. The probability of that occurring is a simple
monotonic function of the atomic number as it involves the channelling
angle. Thus it will be more probable for heavy projectiles and less so for
light.

A different dependence will be observed if a binding potential is involved.
The existence of a chemical binding potential is not a monotonic function
of potential and will show some sequence of features across the periodic
table. Since the initial observation several combinations of projectile
and target have been studied and only a limited number have demonstrated
skipping. So far clear evidence for skipping has been found for Si-Cu, H-C
and Ar-Cu. The combination of Ar-Cu is not immediately obvious as a
candidate for a binding potential however there is evidence that Ar will
bond to Cu if it is in an excited state.

To clarify the effect a sequence of measurements are currently underway and
preliminary results will be reported here with further progress to be
reported at the conference. The first measurements conducted were the
inert gases He, Ne and Ar. Further experiments will involve 0, H and Cu as
projectiles on the Cu sample.
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EXPERIMENT

To prepare a sample for a skipping studies the surface must be made flat to
the ion beam. This is achieved by sputtering the target with a 2 keV ion
beam at an incidence angle of 5° to the surface while rotating it about the
surface normal. This results in the removal of surface projections
preferentially. To monitor the transformation of the surface it is
necessary to use the sputter ion beam as a diagnostic tool. If a surface
is rough then the projectiles scattered from it can have a range of exit
angles to the surface from parallel through to perpendicular. If however
the incidence conditions are such that this projectile is below a critical
angle related to the critical angle for channelling then scattering from an
ideal surface can only be in the specular direction. By monitoring the
angular distribution of the scattered ions and observing the reduction in
the angular width of the scattered ions it is possible to establish an
improvement in the quality of the surface.

RESULTS

The results for He and Ne projectiles (Fig one) show no evidence for
skipping as is expected from a bonding argument. More importantly as there
is no evidence for discrete loss peaks it is evidence that subsurface
channelling cannot be playing a role as these two projectiles should be
experiencing some surface layer penetration if other ions also do.

In a recent report [3] of Ar neutrals scattered of a CuQll) surface a
sequence of discrete energy loss peaks were observed indicating that
skipping may have been observed. In that study an energy loss per
oscillation of 20eV was observed. In an attempt to investigate that result
Ar+ scattered ions from Cu were measured (fig 1). The first departure from
the results for Hfc and Ne is additional peaks at 0.89 Eo and 0.89 E which
do not have the separation observed in previous measurements. These peaks
have yet to be uniquely identified however the number of possible
explanations has been reduced to either a trapping process or the recoil of
an light (O or C) contaminant on the surface by the Ar projectile. The
latter possibility, although not completely discarded, is thought unlikely
as no 0 is observed in the surface sensitive technique of LEIS and also no
0 recoils are observed as negative ions. In the past it has been shown
that the use of 0" recoils can detect oxygen contamination to levels of 10"*
of a monolayer.

DISCUSSION

Clearly Ar demonstrates a slightly different behaviour to that of He and Ne
however the results are not consistent with observations of the behaviour
of ions. There may be sufficient difference so far detected to suggest
that it may participate in a skipping process however a more detailed
investigation is required to clarify this situation. The experimental
program is still underway and the results for the active gases and Cu
projectiles are not yet completed. These further measurements are expected
to reveal insights into the nature of skipping m>tion and help to
understand how it can aid in the investigation of chemical bonding to
surfaces.
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The normalised energy spectra for 1.625 keV glancing angle scattering of
inert gases off Cu. There is a difference between the specta for Ar
compared to He and Ne which may be attributable to skipping.
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Introduction

The FN tandem installed at Ansto (ANTARES) is suitable for AMS measurements of
long-lived radioisotopes, such as 14C (5730 yr), 10Be (1.5X106 yr), 26A1 (7.05xl05 yr), 36C1
(3.0xl05), 41Ca (1.04xl05 yr) and 129I (1.57xlO7 yr), present in natural samples with isotopic
abundances ranging from 10'12 to 10"15- Apart from 14C, their low specific activities and
natural concentrations prevent, in practice, the use of alternative detection methods. The
performance required from the AMS system is different for each radioisotope.

High precision and high throughput is essential for many 14C applications. For example,
ocean circulation models for global environmental studies require the measurement of 14C in
more than 10,000 samples with precision as low as 0.3 %. Other dating applications in
archeology and geology, based on reliable dendrochronological calibrations, often demand the
sub-1% precision obtainable with conventional decay counting, yet benefiting from the small-
sample and high- efficiency capabilities of AMS.

In contrast, a precision of a few percent is adequate for environmental and geophysical
applications involving the other radioisotopes having longer half-lives and usually present in
not well mixed solid or liquid phases, with a variability in their isotopic ratio spanning orders
of magnitude. Other difficulties arise in the AMS detection of these radioisotopes, such as the
production of high-intensity negative beams (10Be, 26A1 and 41Ca), the control of isobaric
background (^6C1) and of high-mass isotopic background (12^I).

The AMS detection methods of long-lived radioisotopes are briefly reviewed in the
following in terms of control of background, sensitivity and precision, with emphasis on the
use of FN tandems.

Detection of long-lived radioisotopes
14C

The 14N isobaric background is rejected at the ion source as it does not form a stable
negative ion. At mass 14 injection, 12C and 13C can be injected as hydrides and through charge
exchange processes in the accelerator tubes acquire the same magnetic rigidity as 1 4 C . This
background is suppressed by adding a velocity or energy selector to the beam transport
system. Residual background is separated in the final detector by measuring total energy and
stopping power.

High precision depends on reproducibility of isotopic ratio measurements. The main
factor contributing to this reproducibility is the constancy in time of beam transport conditions.
It has been demonstrated that the conditions of flat-top transmission and continuous
monitoring of source output and beam transmission are the basis for measuring carbon isotope
ratios with precisions better than 1% [1] using High Voltage Engineering Co. (HVEC)
tandems. The FN tandem runs comfortably at a terminal potential of 6.4 MV corresponding to
the maximum probability for gas stripping to 4+ charge state and to the minimum isotopic
fractionation.

The interfering isobar (10B) can be made to stop in a thick absorber placed in front of the
detector while 10Be passes through. Prior suppression of 10B is sometimes necessary to reduce
indirect background deriving from nuclear reactions in the absorber. This can be obtained by a
stripping stage followed by magnetic analysis. At FN tandem energies, a thin (10p.g/cm2)
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carbon foil can be used to strip nearly all the 3+ 10Be beam to the 4+ state whilst about only
20% of the lOB background goes to 4+ (the remainder becomes fully stripped). Subsequent
magnetic analysis of the 4+ charge state thus involves a five-fold reduction in 10B.

For 1 0Be3 + , the minimum fractionation terminal voltage is 8.6 MV. Precision and
efficiency of I0Be measurements can benefit greatly from the use of an elegant continuous
normalisation technique demonstrated with the FN tandem at the University of Pennsylvania
[2]. This involves monitoring the 1 7O5 + beam resulting from the dissociation at the terminal
stripper of the molecule 9 Be 1 7 O injected at mass 26 together with 1 0Be1 6O\ This 1 7O 5 +

beam is near its peak stripping yield around 8.6 MV, and has parameters for magnetic and
velocity analysis within about one percent of those of the 10Be3+. A precision of 2-3 % can be
achieved by this method.

26A1
The only interfering isobar is 26Mg, which does not form stable negative ions. The

main difficulty in the detection of low 26A1/27A1 ratios is that this element does not form high
negative ion currents. Even although this isotope has been detected at low energy Tandetrons,
the best detection limit (26A1/27A1 ~ 10'15) was obtained at an FN tandem operated at 7-8 MV
[3].

Cl forms negative ions very easily . Unfortunately, the same is true for 36s, the
interfering isobar. Large tandems, such as the model MP from HVEC and the MUD from
National Electrostatic Corporation (NEC), are being used for most of the 36C1 work. The high
energies available (3-4 MeV/nucleon) allow a better resolution of isobaric and isotopic
background in the final detector and make possible the application of the gas-filled magnet
technique for isobar separation [4].The 14 UD model is characterized by high vacuum in the
accelerator tubes which reduces the effect of charge exchange phenomena. FN and EN
tandems are starting 36C1 measurements at < 2 MeV/nucleon. In this case, a high resolution
velocity or energy selection stage must be added to the high-energy and/or low energy beam
transport system to suppress the isotopic background.

The use of 41CaH3 eliminates the interference from the isobar 41K, as the corresponding
molecule does not form negative ions. The key for the routine measurement of this radioisotope
at the level of 10'15 with an FN tandem at 8.5 MV was the use of CaH2 targets in a high
intensity source, use of a high resolution Wien filter to reject isotopic backgrounds posed by
4^Ca and 42Ca and fine tuning of the multianode ion chamber for separation of residual
background [5].

129J
The only stable isobar, 129Xe, does not form negative ions. Various techniques are

employed to suppress the isotopic background originating from the injection of the high-energy
sputtered tail from 127I~ and possibly from its hydrides. At low energy (2 MV Tandetron) this
is achieved by combining high resoluton electrostatic and magnetic analysis at both, the low
and high energy sections. High-energy HVEC systems need a high resolution electrostatic
analyser (ESA) or a Wien filter and a final detector for time of flight measurement. Also in this
case, 14UD tandems do not need additional stages for isotopic background suppression. In all
cases a high resolution injector is the basis of a low background system.

Status of the AMS program at Lucas Heights

The plans for AMS at Lucas Heights have been described in Ref. [6]. In the first phase
of the program, a high-quality 14C measurement service is being developed by utilising a
dedicated beamline at 35° on the switching magnet, equipped with a Wien filter [7] and a
multianode ionization chamber [8].

During our first AMS experiments, the overall particle transmission for ^C4"*", at 5.5
MV, was 20-30%. The measured counting rate of 14C was 1.5 s*1 from a 150% modern
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standard and 0.006 s'1 from commercial graphite, normalised to 1 |lA 12C". A maximum 12C"
current of about 50 \iA was produced by the 860 GIC source (using graphite samples prepared
at Ansto).

A beamline for the detection of the other radioisotopes will be installed at 55 °. On this
beamline, an additional quadrupole doublet will focus the beam through a 22 ° electrostatic
analyser, on loan from Istituto Nazionale di Fisica Nucleare, Italy [8], into the detection system
(multianode ion chamber and/or time of flight system). The high resolution of the ESA (AE/E ~
0.1%) is particularly suitable to suppress the isotopic background in the detection of 41Ca,
36C1 and 12^I. A possible option is the use of the ESA for 10B suppression by placing a foil
stripper stage at its entrance.

Additional features of the AMS system being developed at Ansto are: a) a new high-
intensity source with spherical ioniser, earring 60 sample holders with automated remote
loading (being purchased from High Voltage Europa), b) high-resolution injector (M/AM =
300, mass-energy product 40 MeV amu), c) automatic cycling of the isotopes by voltage
bouncing the injection magnet, d) chopping of the high-current isotopes, e) injection and
analysing magnets with chamber extensions accommodating off-axis Faraday cups for
simultaneous detection of stable isotopes, 0 computer control of accelerator and beam transport
elements and g) a multiparameter data acquisition system. Further upgrading of the FN
accelerator are being considered: acquisition of a new terminal voltage stabilisation system,
further substitution of High Voltage accelerator tubes with spiral tubes (Dowlish),
substitution of the belt charging system with a chain system and the use of gas stripping and
terminal pumping.
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Fig. 1 Total energy spectra measured with a surface barrier detector from a) 150 % modern
standard (360 s, 1 ̂ A I 2 C ) , b) commercial graphite (900 s, 0.7 \iA 12O). Terminal
voltage 4.71 MV, charge state 4+, Wien filter voltage ± 25 kV.
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THE LUCAS HEIGHTS OBSIDIAN PROGRAM
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1. INTRODUCTION

Accelerator-based analyses of obsidian artefacts and source materials have been carried
out at Lucas Heights since 197S. More than 10000 samples have been analysed with the aim
of obtaining sufficient information to be able to attribute artefacts to the source deposits
from which they were derived and hence illuminate the movement of people and materials
in prehistoric times. In keeping with this aim, techniques for measurement, data analysis and
statistical comparisons were optimised for high throughput consistent with reliable
identification rather than for good precision for specific elements. The experience gained in
this way provides useful information on both the physics and archaeology involved. Some
of the main conclusions are summarised in the following sections.

2. PKE/PIGME MEASUREMENTS

Samples are mounted on a special holder which can be moved under computer control to
bring each sample in turn into a 2.5 MeV proton beam. X-ray and gamma-ray detectors are
located at 135" with respect to the beam direction and a special pinhole filter is placed in
front of the X-ray detector to reduce the count rate from major elements such as Si, K and
Ca. Sample positioning, data collection and storage and beam charge integration are
controlled by a computer system to permit automated, unattended measurements on up to 60
samples. X-ray and gamma-ray intensities are derived from fitting routines and the results
converted to concentrations using standard sample calibrations and yield calculations. The
results are filed for further manipulation such as the calculation of equivalent oxide content,
oxide sums and parameter distributions. The files are also used for cluster analysis to test
similarities between artefact and source samples.

Although a clean, flat, smooth section of each sample is chosen for irradiation, the use of
rough samples treated only by washing in an ultrasonic Freon bath introduces variability -
particularly in elements giving low energy X-rays (Si to K). For example, the measured Si
content of samples from one source may vary from 25 to 40% and is of no use for artefact
characterisation. However, the Si result, or a sum of total major and minor oxides gives a
useful indication of the extent of self-absorption effects and other anomalies. If these occur,
it is usually quicker to remount the appropriate samples to expose fresh spots and then
repeat the measurements.

Other experimental factors which affect the variability of results include:

• A heated carbon filament is mounted close to the sample during irradiation to provide
a source of electrons to compensate the positive charge of the proton beam; if the
filament fails, charging of the sample attracts electrons which emit bremmstrahlung
which increases the background in the PIXE spectrum;

• A small beam spot is used (usually 1 mm diameter) and the protons have a depth of
penetration of less than 50 urn so mat only a small volume of the sample is analysed;
the volume chosen may be affected by inclusions, hydration and other non-
uniformities - especially in artefacts which have been buried for thousands of years;
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• Occasionally, under conditions of poorer beam focus, some protons may strike the
metal sample holder giving additional Cr and Fe X-rays; the presence of significant Cr
shows when this has happened;

• Both X-ray and gamma-ray yields increase rapidly with proton energy but with
different yield curves; the effects of consequent changes in calibration can be
minimised by comparing ratios of element concentrations.

Many of these problems could be minimised by using powdered samples mixed with
graphite but this would remove the advantages of rapid, non-destructive measurements for
the study of artefacts. In practice, one per cent or less of runs need to be repeated in order to
investigate discrepancies.

3. CHOICE OF PARAMETERS

At least 20 elements give K or L X-rays between 2 and 20 keV and identifiable gamma-
ray peaks. However, many of these have relatively low intensities and would require long
measurement times, different filters or higher beam currents to obtain sufficient statistical
accuracy. Sufficient count rates are obtained with the experimental conditions described
above to be able to use results for F, Na, Al, Si, K, Ca, Ti, Mn, Fe, Cu, Zn, Rb, Sr, Y and Zr.
However, Si has problems as already discussed and Cu and Zn have not been used because
of possible contributions from fluorescence in components of the vacuum system -
particularly slits and apertures. Of the remaining elements, Ti has not been found to provide
useful distinctions between sources and so is not used.

These elements include most of the major and minor elements normally used for
geochemical analysis and do not show large variations for one type of material - obsidian.
Also, elements such as Na, K, etc. are known to be affected by hydration and other surface
modification processes so that correlations occur which must be kept in mind. Even so, it is
found that ratios such as Al/Na, F/Na, K/Fe, etc. show significant differences for various
source groups. The use of ratios also removes some of the effects arising from changes in
accelerator and detector performance. On the other hand, the shape of distributions of
individual parameters is quite different for ratios compared to those for individual
concentrations so that care must be exercised in interpreting the results of cluster analysis.
Most of the study of source groups and artefact characterisation has been carried out using
nine ratios (F/Na, Al/Na, K/Fe, Ca/Fe, Mn/Fe, Rb/Fe, Sr/Fe, Y/Fe and Zr/Fe) in non-
parametric cluster analysis. This does not allocate a probability for an artefact belonging to
a specific source group but relies on there being a clear distinction between possible groups
using three different methods of comparison.

Trace elements are of most value for distinguishing individual obsidian occurrences and
an on-line printout of fluorine gamma-ray intensity is used to give an immediate indication
of the origin of each artefact. Mn is not as useful for some of the major distinctions but has
been important in the separation of New Britain sub-groups. Likewise, Nb does not give
enough counts in a short run to be useful but, with higher beam currents, can be quite useful
for improving some distinctions. Neutron activation analysis of Zn in Easter Island obsidian
has been reported to help in separating sub-groups which have not been resolved in the
PIXE/PIGME work. It is clear, therefore, that the choice of elements must be made to suit
particular studies and there is scope for the use of different conditions in PIXE/PIGME
analysis to tackle specific problems of archaeological interest.
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4. SOURCE - ARTEFACT COMPARISONS

The distribution in element concentration measurements on samples from one source are
quite narrow although sometimes assymetrical (e.g. for Na, K, etc.). However the
distributions for artefacts attributed to the same group have considerably wider distributions.
On the other hand, many repeat measurements on one artefact may have a variance which is
similar to that for the appropiate source, indicating that there is greater variability in
measurements on artefacts which are often rougher and may have suffered other changes
during burial for thousands of years. However, it seems that processes such as leaching and
hydration do not necessarily upset the characterisation procedure even although
PKE/PIGME measurements are restricted to a thin surface layer.

Measurements have been made on all known sources of obsidian in the Australian and
Pacific regions and most source localities show a characteristic geochemistry which allows
unequivocal allocation of artefacts to specific source groups on the basis of composition. In
some localities, for example on Fergusson Island, different volcanic flows show significant
differences in composition so that specific flows can be shown to have been exploited
during prehistoric times. In other localities, such as the Willaumez Peninsula in New
Britain, many obsidian outcrops occur which were indistinguishable on the basis of initial
analyses. However, a combination of a more thorough sampling in this region and the use of
higher beam currents to obtain better statistical accuracy in the analyses has made it
possible to identify at least three sub-sources within this region (clusters labelled Talasea,
Garala-Baki and Gulu-Hamilton in Figure 1).

On the other hand, results from many thousands of artefacts show the presence of
compositional groups which are different from any known source. This is not surprising
considering the difficulties involved in locating obsidian outcrops on tropical islands. It is
even more likely because of the continuing volcanic activity which is known to have
resulted in extensive areas being covered by large thicknesses of volcanic ash. In one case,
the local inhabitants dug through an ash deposit to regain access to a valued source of
obsidian but this would not have been always possible or necessary.

Most of the new artefact groups are similar in composition to material from one of the
various source regions, e.g. on Fergusson Island, so that a plausible locality can be proposed
but with no definitive proof. In recent measurements, some artefacts show composition
falling near those of the sub-groups on the Willaumez Peninsula discussed above (clusters
labelled UU, TT and ZZ in Figure 1). Occasional source measurements give results outside
the source clusters in the figure but the artefact results tend to cluster in specific regions and
have been confirmed by repeat measurements. The artefacts results may indicate the
presence of additional sub-groups or that each sub-group has a greater range of composition
than has been sampled so far - or that obsidian with similar but slightly different
composition occurs elsewhere. It should be emphasized that the whole of Figure 1
represents a very small part of the multi-dimensional space available and a part which is
seen as just one regional group when comparisons are made with all the material analysed.

Finally, a very small number of samples have given results quite different from those for
any of the known groups or additional artefact groups. One can speculate as to whether
these samples have been imported from outside the Australia/Pacific region but only much
further work will help to clarify this situation.
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Figure 1. Plot of principal components derived from correspondence analysis of data for
New Britain source material and artefacts which are similar in composition. The latter tend
to cluster into three additional groups.
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HYDROGEN MEASUREMENTS BY ELASTIC RECOIL ANALYSIS
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The presence of hydrogen in solids (bulk and surfaces) may have a strong
effect on their physico-chemical properties (electronic, mechanical,
chemical etc.). Therefore it is very important to establish its
concentration. This been a very difficult analytical task due to its light
mass and shallow electronic structure. One of the few techniques
successfully used to profile hydrogen in solids is elastic recoil detection
(ERD) of protons by MeV He ions (1).

The system studied was amorphous hydrogenated silicon (a:Si-H) thin films
deposited by the RF plasma deposition method on borosilicate substrates (2).
It is known that the hydrogen content in these films is an important factor
in determining their electronic properties, therefore it is very important
to reliably determine the hydroghen concentration. Four a:Si films were
measured: intrinsic (deposited from pure SiH , thickness 1170 A ) ; n type
(deposited from a mixture of PH /SiH - 0.5 %, thickness 1170 R): an n-i
heterojunction (1000 A per layer) and a p type (deposited from a mixture of

- 0.75 %, 3000 R).

The ERD measurements were performed using a He beam of 2.5 MeV. The
scattering geometry was 10° incidence angle and 10°emission angle (with
respect to the sample surface), producing a 20° reaction angle. A surface
barrier detector with 1 mm slit, determining a solid angle of 4.43 mrad, was
used to measure the energy distribution of recoil protons. In order to stop
the large flux of elastically scattered incident He ions it was necessary to
use a 14.5 jam mylar foil as an adsorber in front of the detector. In these
measurements a total integrated incident charge, Q, of 3 JJC was used per
run.

In figures 1 a,b,c,d,e the ERD spectra measured for kapton (used as a
standard to obtain the absolute H concentration), n type, intrinsic, n-i
heterojunction and p type a:Si respectively are shown. Superimposed on the
measured spectra ERD simulation (solid lines) calculated with GENUREAC (3)
are also shown. The computer code takes into account stopping powers of ions
in target and foil, straggling, roughness and multiple scattering in the
target and foil. Also from this program hydrogen concentration profiles can
be determined by fitting the measured and calculated spectra.

In figures 2 a,b,c,d,e the calculated hydrogen concentration profiles
obtained from GENUREAC are shown for the different samples. As observed for
the fitting obtained for kapton (Fig.la), for which the hydrogen
concentration is 26.3 at.%, a very good agreement between the experimental
spectrum and the simulated one is obtained. Note that no extra parameters
have been included to obtain this fit. The hydrogen profile concentration
slightly deviates from constant (Fig.2a), this was established to be due to
ion beam degradation of kapton for 3uC run in the surface region.



115

From the ERD spectrum of n-type a:Si the hydrogen concentration was found to
be 14.2 at.% and the film thickness that contains hydrogen 1600 A (Fig.2b).

For the intrinsic a:Si the hydrogen concentration was found to increase as
function of depth from a value of 18 at.% at the surface to 20 at.% at a
depth of 1800 A (Fig.2c) (nominal 19 at.%). The film thickness that contains
hydrogen was calculated to be 1800 ft. Similar results were obtained using a
Q valueof 10 îC suggesting that the increase in hydrogen concentration as
function of depth is not induced by the He beam, but is genuine and related
to the film growth mechanism.

From the ERD measurements obtained for the n-i heterojunction the
thicknesses of the n and i layers were found to be 1350 K. and 1750 &
respectively. Similarly to the i-type material it was found that the
hydrogen concentration linearly increases with depth. The average hydrogen
concentrations calculated for the n and i layers are 18.1 and 20.8 at.%
respectively. The hydrogen concentration in the i layer compares to that
measured for the i material (Fig.2c). However for the n layer the
concentration is substantially larger than that for the n material (Fig.2b).
This effect may be explained as due to the gradient in hydrogen
concentration between the two layer*; which results in hydrogen diffusion
from the i to the n layer.

For the p-type a:Si the hydrogen concentration was also found to linearly
increase as function of depth from a value of 14.4 at.% at the surface to 18
at.% 3800 A below the surface (Fig.2e).

In summary, we have shown that ERD is a powerfull technique to measure
hydrogen content in the near surface region of a:Si. These measurements can
be performed on any solid, regardless of conductivity.

1. J.L. Ecuyer et al., J. Appl. Phys. 47 (1976) 881.
2. D. Haneman, D.H. Zhang, Phys. Reb 35, 2536 (1987).
3. GENUREAC is a general purpose nuclear reaction analysis written by D.D.

Cohen from ANSTO.
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NUCLEAR REACTION ANALYSIS OF CARBON AND OXYGEN USING 3He ION BEAMS

N. Dvtlewski. G.M. Bailey and D.D. Cohen.

Australian Nuclear Science and Technology Organisation
Private Mail Bag 1, Menai, NSW 2234.

Introduction
Traditionally, bulk analysis and depth profiling of carbon and oxygen has been
done using deuteron induced reactions, principally because of the high
reaction cross-sections. However, because deuteron beams produce significant
quantities of neutron and gamma radiation, laboratories using such beams must
be equiped with radiation shielding and be prepared to handle the activation
of some beamllne and target chamber components. Recently, there has been
interest in using MeV beams of 3He to avoid these problems. He induced
reactions on carbon and oxygen have a high cross-section, although not as
large as that for deuterons, have high reaction Q values, and yet do not
produce large neutron fluxes. These factors make the use of He ion beams
attractive. In this paper, we present some results on the use of He ion beams
for the determination of bulk oxygen and carbon, and the depth profiling of
implanted material. A sensitivity of 1 wt.% has been obtained for the
detection of bulk oxygen using reaction product charged particles, and a
sensitivity of 0.1 wt.% using prompt reaction gamma rays.

Determination of Bulk Oxygen and Carbon using Gamma Rays
Gamma rays from the reaction 0( He,p7) F provide spectral lines for
analysis which are relatively free from interferences. As seen in fig. 1, a
large number of strong, well resolved 1 F de-excitation gamma rays are grouped
in the vicinity of 1 MeV. Also present in fig. 1, is a strong peak at 0.871
MeV. This peak is the 7 transition in 1 70, and is due to the deuteron
reaction 60(d,p 7)1J0*'°The day prior to when the spectrum was acquired,
deuterium had been accelerated in our 3MV Van de Graaff accelerator. Residual
deuterium combines with hydrogen, forming a mass 3 hydrogen molecule of the
form HD which is transmitted through the analysing magnet along with the
mass 3 'helium. To determine the minimum detectable limit for bulk oxygen
content, pressed samples comprising various proportions of titanium nitride
and alumina were irradiated with 2.6 MeV He, with the gamma spectrum recorded
at 135° with a 111cm3 Ge(Li) detector. Summing the peak areas for the
indicated oxygen transitions results in a linear relationship between total
peak counts and oxygen content, from which a minimun detectable limit of
approximately 0.1 wt.% is assigned, using a 2 sigma confidence level.

For carbon, gamma rays from the reaction 1 C( He.pjr) *N produce a spectrum
dominated by the 2.313 MeV 7 transition in F. No quantitative
measurements have been made, as our present sample chamber has a large
background, due to various in-line graphite apertures and sample mounts.

Charged Particle Measurements
The reaction Q values for He induced reactions on carbon and oxygen are:
"c(3He,p)**N Q-4.779 MeV !!0<!He.P>!!F Q-2.033 MeV
CCHe.a) C Q-1.856 MeV 0( He.a) 0 Q-4.915 MeV.

In a typical spectrum from a material that has both surface carbon and oxygen
present, e.g. see fig. 2, a number of high energy proton groups are observed.
For this spectrum, a 2.8 MeV beam of He was incident on stainless steel, with
the protons detected at 120° with a 500/jra surface barrier detector filtered by
1.67 mg/cm of mylar. A thick detector is necessary to completely stop the 6
MeV proton group from carbon. The three largest peaks correspond to the p , p
and p proton groups from carbon, with the smaller peaks from oxygen. Many
more proton groups from carbon and oxygen are also present, but are of low
energy and are to be found near the He backscatter edge. The differential
cross-section for the carbon p group decreases as one goes to backward angles
[1], while the p and p differential cross-sections increase.
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To maximize the detection of the alpha group from oxygen, measurements are
made at 90°, where the differential cross-section is maximum [2], and at 2.4
MeV, which corresponds to a resonance peak in the 0( He,a) reaction [2]. A
spectrum from a thick vanadium pentoxide target with a 10% mixture of graphite
is shown in fig. 3. A 500/im surface barrier detector was used. As is seen, the
dominant peak is the oxygen alpha's, with interference peaks from oxygen and
carbon proton groups. The alpha's from the C( He,a) reaction have not been
seen, as the alpha energy is low, and is comparable to the backscattered He.

Bulk oxygen content can be obtained by summing the counts for the groups 0a ,
Op and the Op , and correcting for the presence of the Cp group. Since the
shape of the tail of the Cp group is not known, an assumption is made that it
is the same as the carbon Cp By summing the total Cp counts, and
normalising the peak height of0the Cp to that of the Cp group, an estimate
of the total Cp counts is made. This value is subtracted off the sum of
channel counts1 ranging from the valley between the Cp and Op groups, to
just above the high energy edge of the Cp group. Using mixtures or v , 0 . an(*
carbon, a linear relation between corrected counts and oxygen content is
obtained. By normalising the data to a standard matrix, and correcting for
differences in He stopping powers, a value for the oxygen content of the
unknown sample is obtained. Using this method, a minimum detectable limit of 1
wt.% is obtained, in the presence of over 30 wt.% carbon.

Depth Profiling
Depth profiling of carbon is best obtained using the p proton group. As seen
in fig. 2 and 3, the presence of oxygen causes interference to the other
proton groups. However, for oxygen free material, the p group may be
preferred, as its differential cross-section increases as one goes to backward
angles, and becomes larger than the p differential cross-section. The choice
of target inclination and depth to be profiled dictates which proton group may
be the most useful. Present measurements have trialed with stainless steel,
inclined at 45 , and using the p group detected at angles ranging front 120
to 140 Fig. 4 shows a measured spectrum, and a computer generated
theoretical spectrum, with the carbon depth profile adjusted so that a good
fit to the experimental data is obtained. The depth profile assumed has a
half-Gaussian surface peak of 850 angstroms HWHM superimposed on a constant
background. At present, the differential cross-sections for the 12C(3He,p)
reaction are not well known, and thin carbon standards difficult to obtain.
The differential cross-section at the measurement angle is obtained by
measuring the peak shape for a thick graphite target, and constructing an
effective cross-section so that the theoretical spectrum is a good match.

Depth profiling of oxygen can be done using the alpha particle group at 90°.
For thin targets, e.g. anodic Ta 0 , all peaks in fig. 3 become considerably
narrower, with the high energy elge of the 0a group now well resolved from the
0po group, and the low energy side well defined and decreasing to near zero
counts before the Op group is reached. To further decrease the proton group
interferences, tests are being made with a thin, 17.5/im detector, which will
stop the alpha group, but transmit the protons.

References

[1] S.Y.Tong, W.N.Lennard, P.F.A.Alkemade and I.V.Mitchell, Nucl. Inst. Meth.

B45 (1990) 91.
[2] F.Abel, G.Amsel, E. d'Artemare, C.Ortega, J.Siejka and G.Vizkelethy,

Nucl. Inst. Meth. B45 (1990) 100.
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SURFACE STRUCTURE AND OPTIMISATION OF MOCVD GROWN MERCURY
CADMIUM TELLURIDE BY ION BEAM ANALYSIS

by
L.S. Wielunski and M.J. Kenny

CSIRO, Division of Applied Physics,
Private Mail Bag 7, Menai, NSW, 2234

Mercury Cadmium Telluride superlattice structures are of importance in the areas of fibre
optic communication and defence surveillance because of their response in the ten micron
infrared band. They usually consist of a multi- layer superlattice structure or uniform layer
about 1.5 microns total thickness in the form Hg^CdxTe on a GaAs substrate. The layers
are produced by Metallo-Organic Chemical Vapour Deposition (MOCVD). The major
problems in producing heteroepitaxial structures are control of composition (particularly
mercury), impurity and crystal quality during material growth.

Rutherford Backscattering Spectroscopy together with channeling is an effective
non-destructive technique for analysing layer structure, determining elemental depth
profiles, detecting defects such as dislocations and interstitial atoms. Face polarity can
be determined by RBS-Channeling and also by electron microscopy, x-ray diffraction or
chemical etching. Chemical methods are sensitive to first monolayer structure and results
are substantially affected by surface conditions and/or contaminations. With ion beam
channeling, polarity determination samples subsurface crystal structure and so is not
sensitive to the surface contamination or other first monolayer distortion. Typical depth
resolution is 40 nm.

Helium ion beams (2 MeV) were used in conjunction with a goniometer with three rotational
degrees of freedom and two translational degrees of freedom. Two surface barrier
detectors were used, one at a glancing angle of 100* for depth resolution and one at a
back angle of 161' for mass resolution. Beam spot size was 1 mm diameter. For
channeling measurements, the crystal was aligned with a major crystallographic axis
parallel to the beam axis and for random measurements, the crystal was aligned with all
major axes away from the beam axis. Crystal structure quality and the number of crystal
defects can be estimated by comparison of random and channeled spectra. For good
epitaxial layers, the count rate in the near surface region of the channeled spectrum should
be about 5% of the count in the equivalent part of the random spectrum. Defects, distortions
or imperfections lead to a higher count in the channeled spectrum.

Ion Beam Analysis was also used to detect carbon impurities by way of the reaction
12C(d,p)13C with 1.0 MeV deuterons.

Figure 1 shows typical multi-layer Hg,.xCdxTe on GaAs substrate spectra for random and
channeled modes. The depth scale is 16 nm/channel. In the high energy part of the
spectrum the Hg and Cd/Te steps are clearly seen. The mercury concentration was
estimated to be about 0.87 (x=0.13). The shape of the random spectrum suggests that
mercury concentration at depths of about 0.5 micron is reduced to about 0.73 (x=0.27),
probably as an effect of out diffusion. The total thickness of Hg^CdJe structure is about
1.6 micron and the low channeling level indicates that the crystal quality is quite good.
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Figure 2 shows the back angle RBS random spectrum for a multi-layer sample and also
the simulated random spectrum generated from the RUMP synthesis program. Individual
elemental contributions to the spectrum are shown separately. The mercury is clearly
concentrated in the near surface sublayers.
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A major concern with the use of organnometallic compounds in MOCVD is material
contamination with carbon. The nuclear reaction 12C(d,p)13C was used to detect carbon
present in Hg1)(CdxTe and HgTe/CdTe superlattice samples. In good crystal quality control
quality structures (with a channeling to random ratio < 0.1), the carbon level was found to
be at or below the sensitivity limit of 20 ppm (atomic). In some cases of poor quality
crystals where channeling was not observed, the carbon content was as high as 150 ppm.
This suggests that carbon levels are insignificant in good epitaxial structures.

IBA techniques are complementary to other techniques such as x-ray diffraction and TEM.
However x-ray diffraction does not provide depth resolution and TEM requires complex
sample preparation and usually damages material structure. IBA is non-destructive,
requires minimal sample preparation and is non-destructive.

This work has shown that IBA is an effective technique for analysing thin layer epitaxial
structures and that both MOCVD grown Hg,.xCdxTe structures and HgTe/CdTe
superlattices can be good quality heteroepitaxial structures with reasonable lateral
uniformity. Quantitative accuracy of <5% can be obtained. Depth resolution is of the
order of 40 nm and the effective useful range of RBS is 1 -2 micron. RBS is therefore well
suited for Hg/CdTe superlattice structures and can be used to monitor redistribution during
deposition or subsequent thermal treatment.
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SURFACE COMPOSITION OF BIOMEDICAL COMPONENTS BY ION BEAM ANALYSIS

M.J. Kenny. LS. Wielunski and G.R.Baxter

CSIRO, Division of Applied Physics, Private Mail Bag 7, Menai, NSW, 2234

Materials used for replacement body parts must satisfy a number of requirements such as

biocompatibility and mechanical ability to handle the task with regard to strength, wear and

durability. In many cases it is the surface region of the material which determines the wear

and biocompatibility while the substrate is the prime influence on strength. Ion Beam Analysis

is well suited to analyse surface composition of materials used in the fabrication of replacement

body parts.

An example is in the materials used in hip joint replacements. It is required that the prosthesis

be able to withstand loads equivalent to ten times body weight and that the material is not

corroded by body fluids over a period of up to twenty years. An alloy frequently used for ball

and stem is Ti-AI-V. Although this is reasonably attractive to use, corrosion of the surface

eventually occurs and a further replacement is needed. Ion Implantation of the alloy with

nitrogen ions reduces corrosion and increases lifetime. The thickness of the implanted layer is

less than a micron. It is desirable to know the depth distribution and dose uniformity of the

nitrogen ions. Nuclear Reaction Analysis can be used to profile the implanted ions by using the

reaction 14N(d,a)12C with 1 MeV deuterons.

Carbon based materials are attractive for use in biomedical components because of their

inertness and biocompatibility. However graphitic carbon is soft and wears easily. Use of soft

carbon in an environmemt subject to wear will produce carbon debris. Not only will the

component wear away, but if the particles are more than about twenty microns in size, they

cannot be scavenged by the body cells (macrophages) and the consequences can be

catastrophic. Ion implantation of graphitic carbons with nitrogen ions improves resistance to

wear by at least two orders of magnitude'11. The surface becomes diamond-like with regard to

wear and this makes feasible the use of carbon based replacement body parts in situations

involving wear. In the case of hip joints, it is necessary to use a carbon fibre reinforced carbon

(CFRC) material in order to have the required strength. However fibre pull out can occur at the

surface and it is necessary to add a smooth adherent coating. This can be put on by chemical

vapour deposition. A carbon / silicon mixture offers improved adhesion and better wear

resistance than a pure carbon layer.

It is desirable to know the elemental composition of the deposited layer and the variation across

a sample and from sample to sample. Ion Beam Analysis with Rutherford Backscattering is a

rapid and accurate method of determining the carbon and silicon ratios and of detecting any

impurities which may be present.

Figure 1 shows the back angle (161*) RBS spectrum from a CVD C/Si coating on a carbon

fibre substrate manufactured commercially by Schunk in Germany and also the RUMP synthesis

of the data, from which it is concluded that the coated layer of the sample contains equal

quantities of silicon and carbon and no evidence of impurities.
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When using a CVD coated CFRC ball, the surface must be ion implanted with uniform dose of

nitrogen ions in odrer to make it wear resistant. The mechanism by which the wear resistance

is improved is one of radiation damage and the required dose of about 1016 cm'2 can have a

tolerance of about 20%. Conventional ion implantations a line of sight process. To implant a

spherical surface requires manipulation of the sample within the beam and a control system

(either computer or manually operated) to enable uniform dose all the way from polar to

equatorial regions on the surface. A manipulator has been designed and built for this purpose'21.

In order to establish whether the dose is uniform, nuclear reaction analysis using the reaction
14N(d,a)12C is an ideal method of profiling. By taking measurements at a number of points on

the surface, the uniformity of nitrogen dose can be ascertained.

Although the cross section for this reaction is only 1.3 mb sr1 and a nitrogen concentration at

the surface of 1016 cm"2 ions gives only 0.16 counts per microcoulomb of charge, there are very

few high energy alpha particles (> 6 MeV), so large peak areas are not required. Furthermore

in this situation with a light carbon substrate, the RBS yield from scattered deuterons does not

produce a high count rate with subsequent high dead time.

This method has been used on a number of balls being developed for hip prostheses and it

has been shown that uniformity of nitrogen dose can be obtained to an accuracy of 20%. Figure

2 shows part of the high energy alpha particle spectrum from one such case.
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It is concluded that both Rutherford Backscattering and Nudear Reaction Analysis can be used

for rapid analysis of surface composition of carbon based materials used for replacement body

components.
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A STUDY OF EXPERIMENTAL SIMULATION OF MANTLE METASOMATISM
BY THE PROTON MICROPROBE

by
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INTRODUCTION

The chemical characterisation of melts and fluids in the Earth's mantle is essential to
understanding the processes that generate them and the source areas from which they derive
(typically from 0-100 km beneath the Earth's surface). Although, experimental petrologists
have had considerable success in producing and characterising the melt compositions
produced by >10% partial melting in the mantle [1-3], the compositions of melts produced at
smaller degrees of melting and what elements would be transported by a fluid phase, has
been much more speculative. The characterisation of these phases is particularly relevant
with regard to unravelling the geochemical changes which would occur in a mantle subjected
to the percolation of fluids (for example fluids that derive from a hydrated subducting slab to
influence basalt geochemistry in subduction zones) and small degree melts which percolate
into a relatively cool mantle beneath continents.

EXPERIMENTAL TECHNIQUE

Hitherto, a primary limiting factor has been the nature of the experimentation: small degree
melts are difficult to identify in experimental runs (typically containing <20mg of material)
and fluids have been impossible to isolate. The development of a technique in the Geology
Department of University of Tasmania, of trapping and isolating these small degree melts and
fluids in pre-stressed (fractured) olivine disks inserted into run capsules has had some
success.

After quenching (quench rate >100°C/sec) the olivine disk is carefully removed from the
capsule, mounted in epoxy and polished. In this manner it is possible to expose trapped melt
pools (now quenched solids) at the polished surface for analysis. For elements present in
abundances >0.2% (by weight) this may be carried out by established electron probe
microanalytical (EPMA) techniques. Proton induced X-ray emission (PIXE) methods are
ideally suited to the quantitative determination of elements present at lower abundance levels,
most particularly for elements with atomic numbers in the range 27 (Ni) to 56 (Ba). This
suite of elements also includes Rb, Sr, Zr, Y and Nb which have geochemically significant
abundances in natural rocks.

The procedure of analysis of these melt inclusions is similar to that of fluid inclusions,
described e.g. by Ryan et al. [4]. These subsurface target inclusions and small surface
inclusions encapsulated in olivine are typically 5-lOfim in size. Analyses were carried out
with 2-20|xm microbeams of 3 MeV protons. In all cases corrections must be applied for the
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olivine overlap. The Ni content of the spectra is used to determine the extent of olivine
contribution.

SOME RESULTS

We have had little success with the analysis of subsurface inclusions in olivine containing
trace amounts (e.g. up to 1000 ppm) of elements of interest. This is primarily due to the fact
that olivine is a heavy absorber of secondary X-rays principally a function of its higher Fe
content. However, some success was achieved in the analysis of small surface melt
inclusions where corrections had to be made for the overlap of the beam on the encapsulating
olivine. This is an important development as it enables the analysis of whole inclusions
trapped in olivine disks in experimental charges containing small amounts of melt. The
results carry large uncertainties (20%), primarily due to the smallness of the sample and
hence the large contribution of underlying olivine, and also of surrounding olivine when the
beam is larger than the sample or when the beam drifts off the sample. An example of such
measurements is described below.

The melt produced from a mantle peridotite composition containing 5% dolomite at 27kb and
1125°C is a carbonated silicate melt (see major element composition in Table 1). We
determined the trac^ element content of the same inclusion upon which the major element
determinations were made and corrected these value for olivine overlap (Table 1). Garnets in
the peridotite were also analysed and this enabled the calculation of melt-garnet partition
coefficients (Dga-mejt=conc in garnet/cone in melt). The D's obtained for the partitioning of
Sr, Y and Zr between garnet and a silicate melt confirm the values obtained by Green et al.
[5] for partitioning between a basaltic melt and garnet at 25 kb (Table 1).

1. D.H. Green and A.E. Ringwood, Contib. Mineral. Petrol. 15, 1967, 103.
2. A.L. Jaques and D.H. Green, Anhydrous melting of peridotite at 0-15 kbar pressure

and the genesis of tholeiitic basalts, Contrib. Mineral. Petrol. 73,1980, 287.
3. T.J. Falloon, fr.H. Green, C.J. Hatton and K.L. Harris, Anhydrous partial melting of a

fertile and depleted peridotite from 2 to 30 kb and application to basalt petrogenesis, J.
Petrol. 29,1988,1257-1282.

4. C.G. Ryan et al., Nud. Instr. Meth. B54 (1991) 292.
5. T.H. Green, S.H. Sie, C.G. Ryan and D.R. Cousens, Chemical Geology 74,1989, 201-

216.
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Table 1 Sample Mount T3135

Major element composition (EPMA)

Melt
% (av. vein 1)

SiO2

TiO2
AI2°3
Cr2O3

FeO
NiO
MnO
MgO
CaO
Na2O
K2O
P2°5

35.28
4.49

11.93
0.06
8.07
0.03
0.17

12.30
21.54

3.02
2.28
0.83

Trace element composition (PIXE)

vein 1
(42.14% olivine dilution)

Garnet
av.(n=4)

Distribution coeff
(garnet-melt)

ppm analysed corrected this study Green
et al. [5]

Ni
Rb
Sr
Y
Zr
Nb
Ba

1990
14.9
287

<3.8
52.4
27.8
<78

0
124

2382
<32
435
231

<647

<4
47.2
110
197
<5

<.03
0.02
>3.5
0.45
<.O2

<.02-.04
7.4-9
0.6-0.7
0.02-0.04
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A STUDY OF VMS ORE DEPOSITS BY THE PROTON MICROPROBE

by

D.L.Huston1), S.H. Sie2), R.R. Large1), R.S. Bottrill1) and C.G. Ryan2)

1) CODES, University of Tasmania
GPO Box 252C, Hobart Tas 7001 Australia

2) HIAF, CSBRO Division of Exploration Geoscience
PO Box 136, North Ryde NSW 2113 Australia

As part of studies into the mineralogical distribution of gold in volcanogenic massive sulfide
(VMS) ore deposits [1] PIXE analysis by the proton microprobe (PIXEPROBE) has been
used to determine the gold content of pyrite and arsenopyrite from the Rosebery, Mt.
Chalmers and Mt. Lyell deposits. In addition the concentrations of Co, Ni, Cu, Zn, As, Sr, Y,
Zr, Mo, Ag, Sb, Te, Au, Tl, Pb and Bi were also determined.

The ore samples were prepared as polished blocks or thin sections (>50 u,m thick). With the
range sampled by 3 MeJ protons in sulfide minerals between 20-40 microns, only grains >50
fim were selected for analysis to minimize if not eliminate the possibility of analysis of
underlying grains. The larger grain size also allowed the use of 20-30 um beam spots, and
the beam currents (up to 10 nA) are usually limited by the count rate in the detector. Most
analyses were carried out for 5 jiC charge with a 200 |i.m Al filter to absorb most of the FeK
lines. In runs on arsenopyrite the beam currents used were less than corresponding runs on
pyrite to maintain an acceptable level of pile-up effects in the spectra. Spectra were analyzed
using the GeoPIXE method [2].

PIXEPROBE analysis indicates that, by and large, the gold content of pyrite did not exceed
the detection limit of 20 ppm. Only two analyses from Rosebery, one of which had
significant Pb contamination, yielded 50 ppm and 20 ppm, respectively. These results are
consistent with a pyrite concentrate from Rosebery, which assayed 2.9 g/t Au [3].
PIXEPROBE analyses of four arsenopyrite grains from Rosebery indicate gold
concentrations up to several hundred ppm, which is consistent with electron microprobe
analysis.

Owing to the relatively large volume excited during PIXEPROBE analysis and the presence
of inclusions of galena, sphalerite, chalcopyrite and tetrahedrite in the pyrite grains
(particularly Rosebery pyrite), a significant number of analyses contained anomalously high
concentrations of Cu, Pb and Zn. To eliminate this problem, all samples containing more
than 2000 ppm Cu, Pb and Zn were screened from the following analysis. Of the 44 original
pyrite analyses, 16 were eliminated, which left 28 valid analyses. Of these, fourteen were
from Rosebery, nine were from Mt. Chalmers and five were from Mt. Lyell.

Consideration of these preliminary data indicates that the trace element content of pyrite
differs significantly between the three deposits. Table 1 summarizes the results. Arithmetic
means were determined for elements in which more than half of the analyses had quantitative
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results; analyses below the detection limit were set to half the detection limit for the
purposes of these calculations.

Of the deposits considered, pyrite from Mt. Lyell had the lowest concentration of trace
elements. The pyrite contained only moderate Ni values, and highly erratic Co, Si and Te
values. Pyrite grains from the copper-rich Mt. Chalmers deposits also contained high, but
erratic concentrations of Co. Co and Ni values have been used by Green et al. [4] to indicate
the location of the high temperature portion of the Rosebery deposit; consequently the high
Co values in the Mt. Chalmers and Mt. Lyell pyrite grains indicate a high temperature origin.

The Mt. Chalmers pyrite grains contained a higher concentration of trace elements than the
Mt. Lyell pyrite grains, with significant contents of As, Sr, Cu, Sb, Bi, Mo, TI and Pb. The
concentrations of Cu and Pb may in part be the results of inclusions of chalcopyrite and/or
galena, but the other elements may be included in the lattice. Of particular interest are the
extreme Sb values (to 7300 ppm) noted in several grains, which may indicate tetrahedrite
inclusions.

The Rosebery pyrite grains contained the highest concentration of trace elements of the three
deposits. As opposed to the copper-rich, higher temperature deposits, pyrite grains from the
lower temperature Pb-Zn lenses at Rosebery contained no detectable Co. Rather the pyrite
grains contained relatively high concentrations of Zn, Pb and Ag, which reflects the
composition of the ores. Rosebery pyrite grains also had the highest concentrations of As, Sr
and Zr. The presence of erratic Tl values in the pyrite grains confonns to the enrichment of
TI noted in a pyrite concentrate by Smith [3]. The average value of 76 ppm Tl calculated
from this study compares well with the value of 79 ppm Tl [2].

These preliminary results indicate that the PIXEPROBE has the potential of detecting
significant differences in pyrite grains from contrasting styles of volcanogenic massive
sulfide mineralization. It also has uses in the characterization of the host minerals to invisible
gold. Further studies will concentrate on determining differences in trace element
concentrations in pyrite grains of differing morphology, and determining the variation in the
trace element content of pyrite spatially through a single deposit.
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Table 1 Variations in the content of trace elements (ppm) in pyrite grains from the
Rosebery, Mt. Chalmers and Mt. Lyell deposits, eastem Australia.

Rosebery Mt. Chalmers Mt. Lyell
Low High Average Low High Average Low High Average

Co
Ni
Cu
Zn
As

Sr
Y
Zr
Mo
Ag

Sb
Te
Au
Tl
Pb

<60
<50
<30
<20
25

<7
<4
<4
<4
<6

<10
<10
<20
<15
<10

90
530
1040
9050

35
6
55
15
17

190
20
20
955
1600

160
190
2840

15

17

9

40
-
-

620

<60
<60
60
<10
7

7
<4
<4
<4
<5

<10
<15
<20
<15
<15

500
-

1740
170
4540

13
7
7
578
49

7290
20
-

1090
1680

-
440
40
1320

10
-
5
-
-

1300
-
-

330

<60
<60
30
<10
9

<4
<4
<4
<4
<6

<10
<15
<20
<15
<15

500
200
70
-
492

57
-
7
4
-

10
50
-
_

110
40
-
110

-
-

-

Bi <10 - - <15 65 23 <15
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Introduction
All applications of PIXE microanalysis in geology benefit from a rapid analysis

turnaround. However, many applications demand continuous feedback on mineral
composition to efficiently extract the most information from the mineral assemblage. In the
analysis of thin-sections, rapid analysis is needed to confirm the identification of each
mineral under analysis, to detect the presence of inclusions or intergrowths, and to verify
that the grain is thick enough for reliable quantitative analysis. In the analysis of zoning
profiles, instant feedback on the changing concentration of major and trace elements aids in
the choice of the step size between analysis points across the profile.

The HIAF integrated data acquisition and analysis system, in addition to
controlling the automated analysis of a sequence of data points, triggers a mechanism to
initiate the fitting of each PIXE spectrum immediately after the preset integrated charge is
obtained [1], in parallel with the accumulation of data from the next point. This scheme
yields a quantitative PIXE analysis within 2 minutes of the completion of a point. However,
despite providing efficient routine minerals analysis, this scheme does not fulfill the
requirement outlined above for instant analysis feedback. To satisfy this need, a scheme has
been developed to perform spectrum decomposition in live time to provide a good
approximation to the full non-linear least-squares treatment as the data accumulates. This
paper describes this approach for live time analysis which will be refered to as Dynamic
Analysis.

On-line Dynamic Analysis
A linear least-squares fit to a PIXE spectrum using element line-shapes and a fixed

background shape can be cast as a matrix equation of the form

Zk ajkak = Zi Pj.yi (1)

in terms of y*, the counts in channel i, â  , the area of the major line for each element k, and
the matrices a and p given by

«jk = Li Pji (ofi/dak) (2a)
pji = ar2 (6fi/daj) (2b)

where fj = f(x{, a) is the fitting function value at channel x; for parameter vector a, and O;2 is
the statistical variance of y-,. Inverting a this equation gives peak areas a* using a = or'fly,
which are related to Ck, the concentration of element k, by a* = Qft£kTkYkCk , in terms of
the integrated beam charge Q, the detector solid-angle Q and efficiency ek, filter
transmission Tk, and PIXE yield Yk [2]. This leads to a matrix which transforms directly
from spectrum vector yi to concentration vector Ck
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Q = Q 1 Zi r k iy ( (3)

Tki = (QEkTkYk)' Zj a 'k j pji . (4)

Once the F matrix is calculated, this equation enables a linear least-squares fit to
spectra with the same background shape to be performed by simply using the matrix
transformation in equation 3. This can be done rapidly on-line during data collection using
the instantaneous integrated charge Q, enabling a quantitative analysis of a PIXE spectrum
to be updated in live-time and displayed as the raw data comes in.

The F matrix is calculated in a final linear pass during a fit to a representative
master spectrum using the HIAF PIXE analysis program PIXE_FIT [2J. Because r k i is
basically independent of Ck , the master spectrum only needs to have all anticipated
elements present at some level, and a background shape similar to the raw on-line data to be
analyzed. A suitable master spectrum is usually a sum spectrum of analyses to the same
mineral using identical absorbers.

An alternative scheme uses a fixed background, scaled from the master spectrum
directly using Q, or using a scaling factor sb determined using the a '(3 matrix row for the
background term in the linear fit (i.e. sb = Zj (Of'p)bi y-,)- This has the advantage of
permitting the linear fit scaling of the background term to be constrained to always
reproduce the SNIP background 13] when applied to the master spectrum. Whence, the
concentration becomes

Ck = Q-' L ¥ k i (yi-sbBj/sb-) (5)

where B( is the background spectrum, sb* is sb calculated using the master spectrum, and *Pki

is analogous to Fki but solved for a fixed background (ab fixed in the fit).

Results
Table 1 shows the results of this method, using equation 5, applied to a group of

U.PIXE analyses of Cr-pyrope garnets from the Orapa kimberlite in Botswana. For
comparison, the non-linear least-squares results generated using PIXE_FIT are also shown
in the table. The agreement between the Dynamic Analysis approach and a full least-squares
fit is very encourageing. Evidently, the fixed background shape requirement is not a severe
limitation within a well defined class of mineral under analysis such as the garnets. Note
the result for Ag in grain 6. Although Ag is a contaminant at a much higher level than
normal, the Dynamic Analysis deduces its concentration nicely. This is in agreement with
the assertion that F and 4* are independent of Ck.

The matrix transformation can be performed rapidly, enabling a complete Dynamic
Analysis to be performed in well under 1 second, and hence after each update buffer is sent
to the Amiga for display, enabling a truly on-line quantitative display of concentrations
updated every 2 seconds.

Conclusions
A Dynamic Analysis method has been developed at HIAF for the quantitative

analysis of PIXE spectra in live time as the data comes in, providing a powerful diagnostic
tool for the PIXE microanalysis of minerals.
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Table 1 Comparison between Least Squares Fit and Dynamic Analysis

M-PIXE Analysis Numbera>
I 2 3 4 5 6 7 £•»

0.06%

0.02%

0.06%

Crc>

Mn

Fe

Ni

Ga

Ge

Y

Zr

Ag

Ba

1.46%

1.47%

0.294%

0.292%
7.32%
7.31%

24

25
12
11

4.1
3.4
31

29
43
41
8
2

56
56

2.63%
2.56%

0.263%
0.294%
5.94%
5.93%

61
66
10
10
3.2
3.0
13
12
28
26
-

-2
-

92

1.29%
1.23%

0.232%

0.248%
7.08%
7.08%

27
31
12
12

2.6
2.2
32
31
58
57
-

-5
-

23

1.25%
1.15%

0.248%
0.254%
7.50%
7.50%

21
22
10
9

2.9
1.6
19
18
24
23
10
5
74
85

3.07%
2.93%

0.201%
0.210%
5.61%

5.57%

54

60
11

11
2.4
2.5
16
16
39
38
-

-2
-

40

2.65%

2.56%

0.217%

0.244%

5.47%

5.42%

54

56
10
10
3.4
3.6
17
16
47
46

406«>

403
47
59

1.73%

1.64%

0.256%

0.248%

6.32%

6.28%

46
55
15
16
2.4
2.7
33
33
72
72
11
4
46
52

1.1

0.7

1.4

2.2

25

•» HIAF |XPIXE analyses (3 |xC of 3 MeV protons at 12 nA) of gamet concentrate grains
from the Orapa mine, Botswana. Values in ppm unless indicated as wt%.

b> Contribution to uncertainty ( l a ) due to statistics and spectrum fitting, excluding
systematic error estimates.

c> Full non-linear least-squares fit using PIXE_FIT [2] (CPU time = 70 seconds).
d> Dynamic Analysis transform (time to project out 21 elements is 0.6 seconds).
e> Contamination from silver dr -, used in EMP analysis; 8 becomes ±12 ppm.



135
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ABSTRACT The partitioning of up to 7 indicator trace elements (Rb, Sr, Ba, Y, Zr, Nb
and Ta) between silicate minerals (amphibole, clinopyroxene, mica) and silicate (basanite
or tholeiitic andesite) or carbonatitic magmas at high pressure and temperature has been
determined. These determinations for the silicate magmas are at natural or slightly
enriched elemental levels, except for Nb and Ta which were significantly enriched. The
results provide essential data for the modelling of low-degree melting processes in the
earth's mantle, and also for the modelling of geochemical modification (trace element
enrichment) of localized regions in the earth's mantle, where this may be caused by
highly alkaline (nephelinitic) or carbonatitic melts.

INTRODUCTION Geochemists attempting to explain trace element compositional
variation observed in mantle-derived basaltic to carbonatitic magmas erupted at the
earth's surface require detailed knowledge of the partitioning of these elements between
mantle melt products, and residual minerals in the source region [1,2]. Also, knowing the
partition coefficients (wt. % concentration of element in mineral/wt. % concentration in
coexisting magma) and abundances of the trace elements in minerals crystallized from
mantle-derived melts (e.g. megacrysts), it is possible to predict the trace element
composition of the parent magmas, provided such minerals had equilibrated with the
magma. Most of the mineral/magma partition coefficient data currently in use [3] have
been derived from phenocrysts/magma pairs assuming that equilibrium was achieved
between the mineral and its host matrix. Thus it is of crucial importance to confirm these
mineral (phenocryst)/matrix values by conducting experiments in order to determine
directly partition coefficients at known pressure and temperature. This latter approach for
7 geochemically important trace elements is the subject of this presentation.

EXPERIMENTAL 10-15 mg of powdered Nb, Ta enriched rock glass (basanite and
tholeiitic andesite) or a synthetic silicate-carbonatite enriched in a range of trace
elements, were run with water and with or without fluorine (to help stabilize amphibole)
in a 12.7 mm piston-cylinder high pressure apparatus at 10-30 kb pressure and
temperatures of 925-1100°C, for 24-30 hours. At the conclusion of a run, the sample was
mounted in epoxy as chips and polished, or else mounted on a glass slide and polished as
a thin section. If was then analyzed for major elements in the constituent minerals and
coexisting glass (or glass plus quenched matrix) using an election microprobe, and finally
for trace elements using the HIAF proton microprobe at CSIRO, North Ryde. The
crystallized phases are typically 20-100 \un in dimension and only crystals >40 fim were
selected for analysis. The rock glasses were usually analyzed as thin sections mounted on
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a glass slide. In some cases, the sample thickness was less than the effective depth of
analysis and As from the glass slide was observed and used to correct for the thickness.
The procedure followed was similar to that outlined in [4].

RESULTS A total of 10 sets of partition coefficient (D) data for 7 elements has been
obtained for amphibole coexisting with the 3 different starting compositions. This
represents the most comprehensive data bank for amphibole/liquid trace element
partitioning currently available. In addition, 3 sets of partition coefficients for
clinopyroxene/liquid and 1 set for mica/liquid have been determined. These preliminary
results are summarized in Table 1. The errors for the D values are typically 10-15% for
Rb, Sr, Y and Zr, up to 20% for Nb, Ta and as high as 30% for Ba. For Ba the largest
source of error is counting statistics. Table 1 illustrates that Dj,^, D j a for
amphibole/siiicate liquid pairs are similar, and very low, though increasing from basanite
to tholeiitic andesite. In contrast D j a is higher than D ^ for amphibole/carbonatite and
clinopyroxene/silicate liquid and carbonatite pairs. In these cases crystallization of these
minerals will change the Nb/Ta ratio in derivative liquids.

Addition of F causes a decrease in Dy for amphibole/basanite, but for tholeiitic andesite
the effect of added F is much more marked with D's for Sr, Y, Zr, Nb and Ta all
decreasing. In general, D's for large ion lithophile elements - LILE (Rb, Sr, Ba and Y)
for amphibole, clinopyroxene/carbonatite liquid pairs are lower than corresponding
values for silicate liquids, while for high field strength elements - HFSE (Zr, Nb), D's for
amphibole, clinopyroxene/carbonatite and silicate liquids are similar. However Ta (also
an HFSE) is favoured by the carbonatitic liquid (two-liquid D of -1.5).

Increasing pressure causes a small increase in Dpj, for amphibole/basanite pairs, but no
significant change for the other elements (taking mto account the T difference between
the runs), while for the F-bearing tholeiitic andesite, increasing pressure causes a small
decrease in D<jr and for amphibole/tholeiitic andesite pairs.

Table 1 Selected partition coefficients.
b = basanite; t.a. = tholeiitic andesite; c = carbonatite

Run Nos.

P(kb)
T(°C)
Composition
%H 2 O
% F

Rb
Sr
Ba
Y
Zr
Nb
Ta

1389,93,95

20
1000-1050

b
10
-

0.46
0.32
0.40
0.87
0.27
0.09
0.09

1388

20
1050

b
8
2

0.37
0.31
0.48
0.37
0.21
0.07
0.07

1409

10
1000

b
8
2

1422

20
950
t.a.
10
-

1380

20
925
t.a.
10
5

amphibole
0.20
0.44
0.65
0.55
0.33
0.09
0.09

0.12
0.59

-
1.8

0.52
0.34
0.37

<.3
0.08

0.42
0.15
0.03
0.02

1379

10
925
t.a.
10
5

<.25
0.15

0.35
0.33
0.03
0.02

1402,3

25
1000

c
~1
-

0.28
0.04
0.01
0.22
0.23
0.06
0.13

1389

20
1050

b
10
.

1402,3

25
1000

c
i

-

clinopyroxene
(0.01)
0.09

(0.007)
1.1

0.22
0.01
0.02

0.004
0.025
0.006
0.22
0.29
0.01
0.03

1

30
1025

b
10
.

mica
5.8

0.22
2.9
<1

0.13
0.14
0.14
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CONCLUSIONS Values for D j ^ T a for amphibole/silicate liquid pairs (-0.1-0.4) are
much lower than commonly used in geochemical modelling (e.g. Dwu = 0.8-1.0; [5,6]),
but are close to measured phenocryst/matrix pairs for D-p (0.2-0.4 for basalt to
mugearite; [7]). Thus models of melting or crystal fractionation involving amphibole and
indicator trace elements such as Nb, Ta will need revision, where inappropriate D values
have been used.

Comparison of D values for amphibole and silicate or carbonatitic liquid pairs confirm
that carbonatitic melts should be more enriched in LILE than silicate melts, and
accordingly will have a greater effect in any metasomatic process contributing these
elements to a particular region of the mantle. However the values also show that
carbonatitic melts in equilibrium with pargasitic amphibole do not significantly decouple
the HFSE from silicate melts in the same situation (contrary to earlier suggestions [8]).
This is evident from similar D's for HFSE for amphibole/silicate liquid or carbonatitic
liquid pairs. One difference, however, is that amphibole/carbonatitic liquid partitioning
will fractionate Nb and Ta, but this will not occur for amphibole/silicate liquid equilibria.

Finally partitioning of trace elements may be expected to be modified to lower values in
relatively high-F melts such as lamproites and A-type granites following the effects of F
on partitioning relationships observed in this study.
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Development of the AMS facility at the ANU in the course of 1991 has proceeded along a
number of different lines:

1. A new injection system for the HUD accelerator has been installed and commissioned, and a
modification to the ion source has enhanced its operation in reflection mode.

2. A number of improvements to 36C1 operation have been implemented. These include:
(i) Operation at an accelerating voltage of 14 MV (to be compared with 12MV previously).

This results in a substantial increase in the yield of 36Q10+ j o n s >
(ii) Development of sample-holder design to permit measurements on samples as small as

lmg of chloride,
(iii) Streamlining of acquisition and analysis of the multi-parameter data. It is now possible

to complete the data analysis for one sample during the measurement period of the next.

3. Development of sample preparation facilities and techniques for 14C samples.

4. The implementation of an 129I capability. The technique employed differs significantly from
that used elsewhere in the following particulars:

(i) A foil rather than gas is used to strip the iodine ions in the terminal of the accelerator.
(ii) An operating voltage of 6.8MV is employed, and the 11+ charge state is selected for

transmission to the detector.
(iii) The 129I ions are detected in an ionisation chamber. In contrast, other laboratories are

forced by the background of 127I ions to employ a time-of-flight detection system. This
background is extremely low in the ANU system due to the high resolution of the new
injection system and the very good vacuum in the accelerator tubes which minimises the
charge-exchange processes which give rise to it.

Each of these developments will be described, and recent experience with them will be
discussed.
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INTRODUCTION
Although rare-gas implantations into metals are well documented [1], no

extensive studies on the annealing behaviour have been carried out. Since rare
gases have been frequently chosen as inert species for implantation into metals
(often at high doses) to study the influence of implantation damage on high
temperature oxidation [2-4], detailed knowledge of the annealing behaviour of
these systems is desirable. Some preliminary annealing results for Kr implanted
Ni, using a single crystal sample and Rutherford backscattering and channeling
(RBS-C), are reported in this short note.

EXPERIMENTAL
The sample was cut from a <100> orientation single crystal Ni rod and

mechanically polished to a 0.5 um finish. The surface damage caused by
mechanical polishing was then removed by deep electropolishing. 100 keV Kr+

was implanted off axis at room temperature to a nominal dose of 1 x 101 7

ions /cm2 . Part of the sample was masked during the implantaton to provide a
virgin area. The implanted sample was annealed in a quartz tube furnace in dry
flowing high purity Ar atmosphere. Isothermal annealing was carried out at two
temperatures, 580°C and 700°C, for times up to 300 min. RBS and channeling
analyses were performed at room temperature before and after each anneal using
2 MeV He2"1" ions and detectors located at scattering angles of 170° and 110°.

RESULTS AND DISCUSSION
Fig. 1 shows the channeled spectra of single crystal Ni after the

implantation and annealing. A channeled spectrum from the virgin part of the
single crystal sample and a random spectrum are also shown. The back detector
located at 170° allowed good separation of scattering signals from Kr and Ni.
Both channeled and random scattering signals from Kr are shown on an enlarged
scale in Fig. 2.

To first order approximation, one can omit the small difference in energy-
to-depth coversions for He2+ scattering from Ni and Kr and compare directly the
depth distributions of both Kr and the crystal disorder in Fig. 1: a good correlation



140

exists between them.
Based on the spectra shown in Figures 1 and 2, we tentatively suggest the

following explanations: (i) After the high dose implantation, a highly disordered
zone is produced within the Kr implantation range. This caused a near-surface
direct scattering peak in RBS-C Behind this zone are extended defects which
resulted in dechanneling well beyond the Kr implantation range. (Note the
"knee" position in Fig. 1 which is similar to those observed by Sood and
Dearnaley [5]). (ii) Some of the disorder is removed at the 580°C anneal. One can
observe a drop in the near-surface disorder peak, as well as the dechanneling
level after 25 min anneal at this temperature, (iii) However, many defect-
implant complexes are much harder to break-up. As a result, one sees no
significant drop in either the disorder peak or the dechanneling level in
subsequent anneals at 580°C and even 25 min at 700°C. (iv) The direct scattering
peak was almost completely removed after extensive anneals for 100 and 200 min
at 700°C. One may envisage microstructural changes in the nature of defect-
implant complexes in this regime. For example, Kr bubbles which can form
during the high dose implantation (like those observated in Al [6]) may grow
during long time anneals at this temperature, at the expense of the number of
defect-implant complexes. Most Kr remains trapped in the crystal, however,
since there is no noticeable changes in Kr depth profiles in this stage, (v) After
the final anneal at 700°C for 300 min, a marked drop in disorder, in both the
direct scattering and dechanneling components, and a dramatic loss of Kr were
observed. This behaviour suggests a major microstructural change. Indeed, we
speculate that the Kr loss and the correlated reduction in disorder may arise from
the growth and/or break-up of the Kr bubbles resulting in some Kr movement
towards the surface and eventual loss.

CONCLUSIONS
We have shown experimental results of the annealing behaviour of high

dose Kr implanted single crystal Ni studied by RBS-C. Different annealing stages
have been observed. A strong correlation appears to exist between the removal
of crystal disorder and the Kr loss. Further examinations including TEM
techniques are needed to identify the underlying microstructural changes.

ACKNOWLEDGEMENTS
The authors are grateful for assistance from D. Duckworth in carrying out

the implantations and W. Zhou for performing some of the measurements.

References

1. See, for example, those reviewed by G.S. Was, Prog, in Surf. Sci., 32 (1990)
211.

2. M. Slater, G. Carter and W.A. Grant, Nucl. lustrum. Methods, 209-210, pt.2
(1983)1023.

3. P.J. George, M.J. Bennett, H.E. Bishop and G. Dearnaley, Mater. Sci. Eng., A
116(1989)111.

4. J.M. Hampikian, D.F. Devereux and D.I. Potter, ibid, 119.
5. D.K. Sood and G. Dearnaley, Inst. Phys. Conf. Ser., No.28 (1976) 196.
6. R.C. Birtcher and W. Jager, Nucl. Instrum. Methods, B15 (1986) 435.



141

Energy

random (Oa)Oa: as—Implanted
1 a: Oa + 25mm at
2a: la + SOmfn at 580c

150mfa at 580c
25mtn at 700c
10Ombi at 700c

— 6o: 5a + 200mfn at 700c
7a: 6a + 300mfn at 700c

200 250 300
Channel

400

Fig. 1 Random and Channeled RBS spectra from a back detector located at 170°

Energy (MeV)
1.65 ., 1.55 1.60 1.65 1.70

0o: as—Implanted
1a: Oo + 25mln at 580c

la + 50mln at 580c
150mln at 580c
25mln at 700c
100m!n at 700c
200min at 700c
300mln at 700c

left: channeled spectra

right: random spectra

-2a:
•••3a: 2a
• • • 4a: 3a
-•5a: 4o +
- 6a: 5a +

360
Channel

400

Fig. 2 RBS signals from the 170° detector showing Kr depth distributions.



A RBS-C study of the annealing of Mg
implanted single crystal Ni

by

Z. Rao. D.K. Sood* and J.S. Williams

Department of Electronic Materials Engineering
Research School of Physical Sciences and Engineering

Australian National University
Canberra, Australia

* Microelectronics and Materials Technology Centre
Royal Melbourne Institute of Technology

Melbourne, Australia

INTRODUCTION
Nickel-based alloys have been widely used in high temperature

environments such as jet engines [1]. Ion implantation into metals can have
beneficial effects on high temperature oxidation behaviour [2,3]. As a
chemically reactive element with beneficial effect in nickel alloys [1], Mg was
chosen as implanted species into nickel in recent high temperature oxidation
studies [4,5]. In order to gain better understanding of the mechanism
involved in these studies, the annealing behaviour of single crystal Ni
implanted with high dose Mg has been studied using Rutherford
backscattering and channeling technique (RBS-C).

EXPERIMENTAL
Single crystal Ni samples with <100> orientation were first

mechanically polished to a 0.5um finish then electropolished to remove the
mechanical polishing damage. Mg+ ions with an energy of lOOkeV were
implanted off <100> axis to a nominal dose of 1 x 1017 ions/cm2 at nominal
room temperature using a Whickham 200keV ion implanter. Part of each
sample was masked during implantation to give a virgin area. Anneals were
carried out using a preheated tube furnace with dry flowing high purity Ar.
The annealing cycles were successive periods of 25, 50, 150 min at 580°C
followed by successive periods of 25, 100, 200, 300 min at 700°C. RBS and
channeling analyses were performed at room temperature after each
annealing cycle in RMIT Tandetron using 2MeV He2 + and a detector located
at glancing angle of 110°. Polycrystalline Ni was used to give a good random
reference spectrum . Backscattering yield was normalised according to the
charge integration on the target.

RESULTS AND DISCUSSION
Experimental results are shown in Fig.l. The double arrows in the

picture denote the positions of scattering signals from elements located at the
sample surface. A depth scale for the scattering signal yielded from Ni is
derived from energy stopping with an approximation of not accounting for the
changes in stopping power caused by implantation and channeling.

The as-implanted spectrum is manifested by a high near-surface
disorder peak and a high dechanneling rate behind this peak with the first
"knee" at about 700A and the second at about 2400A. Compared with the
calculations of computer code TRIM [6], the disorder peak falls into the high



energy deposition density region and the first knee position is coincident with
the calculated mean projected range of 700A. Some deep disorders extended to
the second knee located at a depth about three times the mean projected range
of the implant could be caused by the migration or propagation of defects into
the substrate. Similar knees were also observed in Al and Cu [7].

When heating up to 580°C, a striking result was observed: the
scattering yield of a channeled spectrum increased remarkably in the implant
projected range. Such an increase was fully reproducable. We believe that it
is an indicator of some form microstructural change which occurred during
disorder evolution. The emergence of this new disorder peak at the implant
projected range may suggest the possible microstructural change was
stabilised by the presence of Mg. In fact, if one draws a vertical line at the
projected range position (fig.l), it is clear that a strong correlation exists
between the disorders and the implants.

In the subsequent anneals, both the direct scattering and dechanneling
level dropped gradually. The migration of at least some Mg towards the
sample surface was evident in 700°C anneals. Such a movement was
accompanied by a rapid reduction in the disorder, a further support for the
correlation between the disorders and the implants.

A small oxygen peak was likely caused by the oxidation of Mg at the
surface, as reported elsewhere [5] in detail.

CONCLUSIONS
An increase in the disorder of the crystal in implant projected range

was observed when the sample was heated up to 580°C. This may result from
a microstructural change which occurred during disorder evolution. Some
Mg migrated to the sample surface during 700° anneals. A strong correlation
between the disorder and the implants apparently existed. Further
examinations including TEM observations are needed to clarify the nature of
the microstructural change.
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The formation of a buried SiO2 layer in Si for increased radiation hardness, dielectric
isolation, and/or higher operating speeds in Si devices has been studied extensively
over the last decade. Such structures are now utilized in high speed CMOS devices.
These oxides are typically formed by implanting (100) Si at 600'C with -200 keV O
ions to a stoichiometric dose of ~1.4xlO18 cm"2. (The dose is stoichiometric because
the peak of the O depth distribution concentration contains 67 atomic percent O.) The
substrate temperature is kept at ~600gC to prevent amorphisation of the Si overlayer. A
post implant anneal at high temperature (~1350°C for 2 hours) is necessary to induce O
segregation from the sub-stoichiometric depths and to reduce lattice disorder. If the Si
overlayer still has a defect density unacceptable for device fabrication, an epitaxial
layer, ~l(im in thickness, of Si is deposited by chemical vapor deposition for use in
device fabrication. Reductions in post-anneal disorder have also been achieved with
multiple sub-stoichiometric implant and annealing cycles [1,2] or channeled implants
[3].

For reasonable throughput, the dose requirements for buried SiO2 layer fabrication
necessitates the use of high current ion implanters. Consequently, dedicated machines
capable of delivering a ~50mA, 150-200 keV O ion beam are now commercially
available. The fabrication of buried SiO2 layers using ion beam energies greater than
200 keV has received little attention due to the ion current limitations of the available
high energy, ion implanters. Several authors have previously investigated buried SiO2
layer formation using MeV ions with conventional implanters with current densities of
- l}i.A/cm2.[4] In all cases, the implanted doses were sub-stoichiometric as
presumably dictated by the low current densities that were achievable. With the recent
developments in high energy, high current ion implanters, we can now study the
formation of S1O2 layers by implantation of MeV ions within a reasonable time frame.
The implantation of MeV ions offers many potential advantages over the implantation of
keV ions. Due to the greater depth of the oxide in MeV implantations, a lower rate of
nuclear energy deposition in the Si overlayer.will result. This should reduce the post
anneal lattice disorder and may allow a lower substrate temperature during implantation.
Conversely, deeper O implants result in a greater straggle and consequently a higher
dose of MeV ions is needed to attain a stoichiometric implant. (From the ratio of the
straggles, the ion dose must be increased by a factor of 1.6 when the ion energy is
increased from 200 to 1000 keV.)

For the present report, we have investigated the formation of buried SiO2 layers in Si
with a 1 MeV O+ ion beam as a function of implant temperature and dose. (100) Si
substrates were implanted at temperatures of 150, 300, 450*C to ion doses of 0.73,
1.45, 2.18 xlO18 cm'2 with current densities of 10-12 nA/cm2. The doses studied are
approximately equal to and below that required for stoichiometric SiO2 formation. The
ion beam was electrostatically scanned over an area of 2.2 c.i2 and all implants were
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Physics Department
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performed using the high energy, high current ion implanter at the Australian National
University. Following the implantation, the samples were capped with S1O2 and
annealed at 1350°C for 2 hours. The samples were characterized using Rutherford
backscattering combined with channeling (RBS/C) using 3 MeV He2+ ions.

Figure 1 shows the dose dependence of 1 MeV O+ ions implanted into a Si substrate at
150°C. We see that as the dose increases from 0.73xl018 cm"2 to 2.18xl018crrr2, the
latter being a stoichiometric dose, damage in the Si overlayer increases as evident by the
increasing RBS/C minimum yield at this depth. At a dose of 1 A5x 1018 cm'2, a "step"
in'the RBS/C spectra appears in the Si overlayer delineating three regions with different
damage levels. Amorphisation of the Si has occured near the projected O range while
the near surface Si is still crystalline, though damaged. Separating these regions is a
layer with an intermediate damage level. The width of this layer is seen to increase with
O dose. The nature of this disorder is currently under investigation with cross-section
transmission electron microscopy. Even at an implant temperature of 150°C and a dose
of 2.18xlO18 cm"2 the Si overlayer retains some crystallinity. This is extremely
important in that the crystalline Si surface layer acts as a seed for recrystallisation of the
entire Si overlayer upon annealing. The ability to implant at low temperatures is
significant since it has been observed that at high temperatures (>400<>C) O segregates
into SiO2 precipitates during implantation and consequently impedes the formation of a
uniform buried oxide layer during high temperature annealing. [5]
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Figure 1 Dose dependence of lMeV O ions implanted into (100) Si at 150*C

Figure 2 shows the implant temperature dependence of the crystallinity of the Si
overlayer at a fixed dose of 1.45xlO18 cm"2. As the temperature increases, we see
much less damage in the Si overlayer. At 450*C there is only minimal disorder evident
in the RBS/C spectra. Because of the high energy used for the implant and the
resulting depth of the oxide below the surface, at 150*C crystallinity is still apparent in
the Si overlayer. At conventional energies, a similar implant at 150*C would yield a
totally amorphous Si overlayer and hence, be unacceptable for use in the fabrication of
devices. As anticipated, the width of the amorphous layer, in the vicinity of the O
projected range increases with decreasing implant temperature. Interestingly, the width
of the layer at intermediate damage does not follow a similar trend. This may reflect
differences in defect mobilities and/or extended defect formation as a function of
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temperature. The influence of low temperature implantation on post anneal defect
density is presently being investigated.
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CROSS-SECTIONAL TEM INVESTIGATION OF ION BEAM IRRADIATED GLASSY
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^ D. McCulloch* and S. Prawer#

Department of Applied Physics, Royal Melbourne Institute of Technology
*Micro Analytical Research Centre, School of Physics, Melbourne University

Introduction

Ion beam irradiation of Glassy Carbon (GC) has been shown to significantly enhance its wear
resistance*. This hardening process has been shown to be independent of the particular atom species
implanted and occurs at damage levels above 0.5 displacements per atom (dpa)*. The origin of this ion
beam induced wear hardening is not fully understood. A number of studies have been performed by us
and other authors in an attempt to gain insights into this hardening transformation. The major techniques
used in these studies have been Raman Spectroscopy^*3 and electrical conductivity measurements4. In
attempting to analyse the results of these techniques it is assumed that the modified layer is
homogeneous. For implantation in general this is unlikely to be true. Thus these techniques provide only
an overall average measure of the properties of the ion beam modified region. In order to obtain a
microscopic view of this ion beam modification process in GC a technique is required which can look at
changes in the structure of the GC as a function of depth. Cross-sectional TEM (X-TEM) is the
technique of choice to provide this information. However, preparation of specimens of GC suitably
thinned for X-TEM is complicated by the lack of a suitable chemical etchant and by the fact that ion
beam thinning tends to partially graphitise the specimen3. Recently it has been shown that it is possible
to bypass these difficulties by the use of ultramicrotomy to slice thin sections. The difficulty in sample
preparation is justified since, once accomplished, the non-uniformity of the implanted region can be
directly observed, and other powerful electron based analytical techniques such as Electron Energy Loss
Spectroscopy (EELS) and energy filtered electron diffraction can be applied. EELS can be used to
monitor any changes in the ratio of graphite-like (sp^) to diamond-like (sp3) bonds in the modified
region and radial distribution functions (RDFs) extracted from energy filtered electron diffraction
patterns provides a direct measure of the nearest neighbour separation. The ultimate goal of these
studies is the correlation between ion beam induced enhanced wear resistance and the ion beam induced
changes in the microstructure, and bonding.

Ultramicrotomy, which involves slicing thin sections with a diamond knife, has usually been
reserved for the preparation of biological specimens. However recently this technique has found
increasing use for the preparation of material science specimens which are difficult to prepare by more
conventional techniques5. Large areas of specimens of uniform thickness can be produced which are
ideal for the application of electron beam analytical techniques. In this paper we examine GC implanted
with 320 keV Xe ions to a dose of 5.6 x 1 0 ^ Xe/cm^ in the TEM using cross-sectional specimens
prepared by ultramicrotomy. These TEM results are compared with Rutherford back scattering (RBS)
spectra and TRIM calculations so that a comparison of certain characteristics of the modified layer can
be made.

Results and Discussion

The GC specimens in this study were cut from plates heat treated to 2500°C purchased from
Atomergic Chemetals Corporation. Before the room temperature implantation of Xe at 320 keV the
specimens were polished to 1 um using diamond paste. To prepare the TEM specimen a piece of
implanted GC was embedded into a hard epoxy resin (Epon 812 equivalent) and then cross-sectional
specimens were cut using a diamond knife in the ultramicrotome. The section thickness is estimated to
be less than 500 A from the interference colours observed in the section while cutting. This section was
then examined in a JOEL 2010 electron microscope operating at 200 keV. Figure la shows a high
resolution image taken from the Xe implanted GC specimen. It can be seen in the figure that four
distinct regions exist. Region (a) is the epoxy resin in which the specimen was se.. In region (b) and (d)
the material is less transparent to the electron beam and amorphous in nature. The interface between
regions (a) and (b) is the surface of the ion beam irradiated GC specimen. The total thickness of the
modified region ((b)+(c)+(d)) is measured to be 1900 A. In the centre of the modified layer (region (c)
approximately 1000 A from the surface of the specimen) is a line of bright and dark features
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Figure 1 (a) High resolution TEM image of GC implanted with 5.6xlO16 Xe/cm2 at 320 keV prepared
in cross-section by ultramicrotomy. (b) Plots of the depth distribution of Xe ions and final C atom recoil
distribution calculated using TRIM906. The range axis in (b) has been adjusted to be the same scale as
the image in (a).
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approximately 700 A thick (the image of a pointer can be seen in this region). In region (e) the
characteristic tangled microstructure of virgin GC can be observed3. At higher magnifications than
shown here the (002) fringes representing the graphitic planes slacked on top of one another at a spacing
of 3.6 A can be seen within this region.

Figure lb shows plots of the depth distribution of Xe ions and C atom recoils calculated using
TRIM90 . For comparison purposes the range axis has been adjusted to be the same scale as the image
shown in figure la. The Xe ion distribution was calculated to be centred at a depth of 1300 A with a
thickness of 500 A. The carbon atom recoil distribution shows that a considerable amount of damage is
being created at the surface and down to a depth of approximately 2000 A.

Figure 2 shows the RBS spectra taken from this sample using 2 MeV He + + ions. The beam
current was typically 25 nA and backscattered ions were collected up to a integrated charge of 2 x lO"5

coulomb. The detector angle was set at 170°. The total implanted dose was calculated from the spectra
to be 7 x 1016 Xe/cm2 and compares well with the nominal dose value of 5.6 x 101 6 Xe/cm2. The
agreement between nominal and measured doses indicates that Xe is being trapped in the GC matrix and
that out-diffusion has not occurred to any appreciable extent. The Xe peak was measured to be centred
at a depth of 950 A below the surface. The thickness of the Xe distribution was found to be 750 A. Thus
the depth and thickness of the Xe distribution as measured from RBS and TEM are in good agreement.

The discrepancy in the depth and thickness of the Xe atom distribution between that calculated
by TRIM (1300 ± 250 A) on the one hand, and that measured from TEM (1000 ± 350 A) and RBS
(950 ± 375 A) on the other can be explained by material loss due to sputtering which TRIM does not
lake into account. A loss of 300 A of material from the surface, corresponding to a sputter yield of about
3 atoms/incident ion which would bring the TRIM predictions in line with the experimentally observed
TEM and RBS results. This value for the sputter yield compares well to that measured for 50 keV Xe
into carbon of 2.5 atoms/ion^.

The dark features observed in region (c) of figure la are likely to be caused by the Xe atoms
forming bubbles similar to those observed in gas implantation of metals**. SEM images of the surface of
this specimen show blisters which would be consistent with this hypothesis. The nature of the Xe in
these bubbles is still unknown but diffraction patterns taken from this region reveal no evidence of
crystallinity.

Conclusion

The successful correlation between the RBS measurements, predictions from TRIM calculations
and the TEM images indicate that ultramicrotomy is a successful method for preparing X-TEM samples
of ion beam irradiated GC. It was found that the implantation of 320 keV Xe ions to a dose of 6 x 10*"
Xe/cm2 produces an amorphous region 1900 A thick. At a depth of approximately 1000 A below the
surface of the GC evidence of Xe bubbles was observed. The nature of these bubbles is still under
investigation. Future work will now extend to EELS and RDF analysis of these specimens as a function
of depth.
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1. INTRODUCTION.

A simple quantitative model is derived to describe the change in Xmin of a crystal irradiated
by MeV energy light ions in a channelling orientation. This model treats the buildup of crystal
damage as a simple competition between interstitial/hole creation by the beam and annealling
of these defects, and implies that an equilibrium damage condition will be reached. This
equilibrium point is dependent on the flux. Fits to microprobe damage data show that the
qualitative features of this model are observed in GaAs. One of the implications of this model
is that microprobe analysis at low incident fluxes may cause far less damage than the results of
damage studies performed with small scans at high incident fluxes suggest.

2. THE MODEL.

The buildup of damage in a crystalline target is monitored by measuring the Xmin of the crystal
as a function of ion beam dose in a near surface energy window, typically 100 nm in depth. The
existence of point defects raises the \min by direct scattering of ions from interstitial atoms, and
by dechaunelling, where collisions of the ion with an interstitial atom results in a deflection that
exceeds the critical angle for channelling. From the two beam approximation [1], the measured
Xmin at the surface of a crystal containing a low, uniform number density of displaced atoms
nrf is calculated to be:-

Xmin = \v + M l " X»)(l/* + °dd/2) (1)

Where \v is the Xmin of virgin crystal, n is the atomic number density of the crystal, d is
the depth corresponding to the energy window for the Xmini measurement, and <r«j is the cross
section for dechannelling from a point defect [1]. The 1/n term corresponds to direct scattering
from a displaced atom, and the add/2 term describes the dechannelling effect of the defect.

When a crystal is irradiated by an MeV energy light ion beam, point defects are created by
nuclear collisions of the ions with atoms in the lattice. The recoiling target atoms produce a
cascade of vacancies and displaced atoms in the lattice, as is modelled in the TRIM program
[2]. These defects can recombine, causing annealling of the damage.

The rate of defect introduction is typically an order of magnitude lower when the beam is axially
channelling into the crystal in comparison to Random irradiation [1] due to the drastically
reduced nuclear collision probability. This is the situation of interest in microprobe damage
studies, as it is the usual analysis configuration. Displaced atoms increase the probability of a
damage cascade, and this situation must be considered in any model describing damage studies.

The model therefore suggests that the rate of increase in the concentration of interstitial atoms
raj is:-

^ = ko(l + and)F-An2
d (2)

Where F \s the flux of incident ions, ko is the number of displaced atoms produced per unit
length per ion in the channelled direction (from TRIM, about 1.3/ion//*m for channelled 2 Mev
He+ on undamaged GaAs), and A is an annealling parameter which is the probability per unit
time of recombination of a displaced atom and a vacancy. The term involving a allows for the
fact that displaced atoms will increase the damage cascade probability. Because the production
of damage cascades and backseattering are both caused by nuclear collisions, their probabilities
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are equally affected by channelling and so we can say that :-

-Xv)(f
a = (3)

The factor / is the fraction of total displacements that result from recoils. This allows for
the fact that displacements of already displaced atoms do not increase n<j. This factor can be
obtained from TRIM calculations [2], but it is near 1, as most displacements are caused by
recoils. The buildup of damage in a crystal initially free of defects due to a channelling beam
is described by the equation :-

nd = (4)

Where D is the dose of ions. This model does not consider the case of formation of complex
defects, such as divacancies or amorphous clusters. This assumption should be reasonable for
the low defect concentrations of interest in the minimization of damage in channelling analysis.
Defect migration from the end of range region to the surface can be readily incorporated, but
does not drastically affect the functional form derived from this model.

3. DAMAGE RATES IN EPITAXIAL GA-AS ON SI.

An uniform sample of 3 fim GaAs epitaxially grown on (100) Si by molecular beam epitaxy was
irradiated at room temperature in the channelling direction by scanned 2 MeV He+ microbeams.
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The initial Xmin w a s Quite P o o r (27 %) due to inherent crystal defects. The maximum rate
of increase in \min with dose was 1.2%/1016/ions/cm2. This is comparable with other GaAs
measurements [3]. The measured change in Xmin with dose is plotted for 5 different fluxes in
figure 1. The data is shown fitted with tanh functions which allows some of the parameters
in (4) to be determined. The behavior of the annealing parameter, A, as a function of dose is
shown in figure 2. The value of A increases with flux due to the thermal spike increasing defect
mobility.

At low incident fluxes (3 fiA/cm2) the Xmin tends to increase at the maximum rate and then
level off at around 35 to 40 %. This phenomenon seems to be the development of the equilibrium
between the rate of defect introduction, and the annealling rate which is dependent on defect
concentration, as is described in the model. At higher fluxes (12 fiA/cm2) the increase in \min
is rapid to higher doses as the defect introduction rate is significantly above the annealling rate.
At. very extreme fluxes (180 fiA/cm2) the damage rate is significantly lowered.
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Figure 2: The annealing parameter
from the fits shown in figure 1. The
squares and triangles are \min cal-
culated from different samples and
depths.
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These results are in good qualitative agreement with the simple theory developed here. The
dose used in these measurements is low enough to ensure that the data is not significantly
affected by swelling induced misalignment [4], which is a significant cause of dechannelling in
GaAs at doses above 4 x 1017/cm2.

Other measurents of He+ irradiated bulk GaAs crystal and H + irradiated MCT [5] seem to
indicate the same functional behaviour as that suggested by the model.

4. CONCLUSIONS.

In CCM analysis of devices, high spatial resolution is desired, and so low beam currents (~ 0.2
nA.) are used. In damage studies, far larger beam currents and fluxes are used [3]. According
to the model, the lower fluxes used in analysis should lead to lower damage rates than those
measured in previous damage studies. Also heating the target should increase the annealling
rate and minimize damage buildup [3]. Such measures should enable higher doses to be used in
analysis of GaAs. This model is of less importance for Silicon because it is highly resistant to
point defect introduction, and swelling induced misalignment is the predominant dechannelling
mechanism [4].

We will test this model by performing damage studies at low fluxes and elevated temperatures
on bulk GaAs crystal to determine whether microprobe analysis can be performed with far less
damage to the crystal than previous damage studies suggest.

SPD wishes to acknowlege the support of an APRA scholarship. This work was supported by
a University of Melbourne Special Initiative Grant.
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ABSTRACT

Cross sections for the elastic scattering of protons from natural Si, 0 and C target films have
been measured for proton bombarding energies between 1.0 and 3.6 MeV at laboratory angles
of 150° and 170°.

1. INTRODUCTION

Elastic scattering for light elements is dominated by nuclear resonances which result from strong
nuclear interactions in addition to the Coulomb (Rutherford) interaction. The formation of a
resonance may be associated with the formation of a long lived state of the compound nucleus
composed of the projectile and the target. In general, highly non-Rutherford cross sections
result for the scattering of protons from light elements above a bombarding energy of 1 MeV.

Proton Backseattering Spectrometry (BS) can be used to detect low Z elements in a matrix of
high Z materials. This is because the scattering cross section of the light elements can be greater
than the Rutherford cross section of the heavier elements. This is particularly the case when
the choice of the projectile is dictated by the need to maximize the X-ray yield from the target,
as when trace elements are to be measured by Particle Induced X-ray Emission (PIXE). PlXE
is typically done with 2-3 MeV protons. However, to do analysis with BS, it is necessary to use
tabulated experimental cross sections measured for the same detector geometry as that used
in the analysis measurement. This is because the scattering cross section cannot be calculated
from a simple analytic formula as in the case of the Rutherford cross section.
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Figure 1: Proton spectrum for a bombarding energy of 2150 keV, detector angle 170° for a
C/Au/SiO2 target.

Tabulated cross sections are not always available for the experimental geometry. For accurate
work, it is essential to measure the cross section at the required geometry, since the resonance
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Figure 2: Measured cross section for natural C(p,p)C. The curve for 0/o6 = 17O° has been dis-
placed upwards by 0.2 for clarity.
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Figure 3: Measured cross sections for natural O(p,p)O. The curve for 0/a6=17O° has been
displaced upwards by 0.5.
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Figure 4: Measured cross sections for natural Si(p,p)Si. The curve for 0/O6=17O° has been
displaced upwards by 0.1.



156

dominated cross sections have a strong angular dependence. Further, the tabulated cross sec-
tions are invariably for separated isotopes, leading to increased computation overheads if the
contribution to the cross section from all the isotopes in the target are to be included. The
present work presents the preliminary results of a program of measurements of the elastic cross
sections on the light elements for natural targets.

2. EXPERIMENTAL

Two targets composed of thin films of compounds of the elements of interest were bombarded
with protons over the energy range 1-3.6 MeV. One of the targets consisted of a glassy carbon
substrate with ~600 A Au layer and ~1500 A Si(>2 film on the surface. The other sample was
~500 A Au film deposited on a self supporting ~2000 A carbon film. The composition and
thickness of the targets was obtained using 2 MeV a-particle RBS.

The experiments were performed using the University of Melbourne 5U Pelletron accelerator.
The experimental set up is discussed extensively in the literature [1]. In the present experiments,
an ORTEC Surface barrier detector, resolution ~14 keV, was placed at a scattering angle of
150° and a Canberra PIPS detector, resolution <llkeV, was placed at 170°. During the proton
bombardment, the target beam current varied between 50-150 nA. The bombarding energy
was stepped in maximum 50 keV increments which was comparable to the target thickness. A
typical spectrum from the C/Au/SiO2 target is shown in figure 1.

3. RESULTS

The signals from the elements of interest were integrated and then normalized by the yield from
the Au layer on each target. This allows the elastic cross section for the elements of interest
to be found, since the scattering cross section from Au is given by the Rutherford cross section
formula over the bombarding energy of interest. The normalized yields were then converted to
the normalized cross sections by correcting for the target thickness, computed using the surface
energy approximation from the 2 MeV a RBS spectra.

Preliminary results for the cross sections for C, 0 and Si, normalized to the yield from Au,
are shown in figures 2, 3 and 4 respectively. These curves display numerous strong resonances.
These results are consistent with previous work done on the most abundant isotopes of Si, O
and C [2,3,4].

Further work is in progress to extract the actual cross sections from the yield curves. These
will then be installed into a data base where they can be used to fit experimental BS results
from targets of unknown composition.
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1. INTRODUCTION

In many situations diffractive optical elements present a number of distinct
advantages over 'traditional' refractive devices. In particular, they offer an opportunity to
simplify conventional optical system designs, to design unconventional optics, or to
improve the performance of optical systems in spectral regions where there is a limited
choice of refractive materials. These 'binary optical' devices are quasi-planar structures
which consist of two distinct parts, for example a screen which is divided into two
sections: one opaque and one transparent. One example of such a structure is a
transmission diffraction grating. Binary optical devices have found widespread applications
across the entire electromagnetic spectrum [1], as infrared and submillimetre filters on the
one hand and Fresnel zone plates for focussing soft x-rays and neutrons on the other [2].
A typical binary optical filter consists of a periodic pattern etched into a metallic screen.
Binary optical elements have also been used to control the optical pumping of diode lasers
and to coherently combine their outputs into a single intense beam.

These structures generally have characteristic dimensions which are smaller than
the wavelength at which they are designed to be used, although x-ray diffraction gratings
for spectroscopic purposes are usually made with a period much greater than the
wavelength. High-aspect ratio binary structures, that is those that have a thickness
significantly greater than the wavelength at which they are designed for use, are ideal for
the fabrication of, for example, ultraviolet and x-ray components, since x-ray transmission
gratings and zone plates behave as phase gratings and need to have a thickness that will
provide sufficient contrast between waves passing through the metal and those passing
through air [3,4].

Using the Proton Microprobe in the School of Physics we have commenced a
program aimed f\t the fabrication of micron and sub-micron high aspect ratio structures
(10:1), followed later by very high aspect ratio structures (100:1), for submillimetre,
infrared, visible, ultraviolet and possibly x-ray applications. As well as the fabrication of
useful binary optical devices, we hope that this work will allow the investigation of
rigorous electromagnetic theories describing diffraction. These have been developed to
describe structures of arbitrary thickness, but which have never been verified on structures
much thicker than the wavelength at which they have been designed to be used. We also
anticipate that it should be possible to make other optical components such as diffraction
gratings, zone plates and other binary optical components.

2. THEORETICAL BACKGROUND

It has been known for many years that increasing the aspect ratio of binary filtering
structures leads to an increase in the Q or a decrease in the bandwidth of the pass band. As
well as improving filtering performance, the ability to increase the thickness of the structure
increases the number of alterable parameters to optimize the desired performance of the
structure [5].

Our theoretical studies of binary structures have been based on modal expansions
for the electric and magnetic fields within transparent areas and exploiting the periodic
nature of the structure to write the fields above and below the structure as sums over plane
waves. The unknown amplitudes in all of these expansions are found by using field
matching techniques. We have shown that for a bandpass filter consisting of a square array
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of annular slots in a metallic screen, doubling the screen thickness leads to an approximate
halving of the full-width at half maximum.

Although these models can predict the performance of screens of arbitrary
thickness, structures that have been fabricated have generally had low aspect ratios. The
agreement between theory and experiment for these structures has generally been extremely
good [6]. There have been, however, very few experimental studies of structures with high
aspect ratios due to difficulties inherent in their fabrication.

3. MICROFABRICATION TECHNIQUES

The dearth of studies of high aspect ratio structures is due to the fact that, in
general, high-aspect ratio fabrication is not simple, and thin screen arrays can be fabricated
using relatively simple photolithographic techniques. Also, with the exception of the
recently developed synchrotron based process LIGA (Lithografie, Galvanoformung,
Abformung (in German))[7,8], most other submicron fabrication methods, such as reactive
ion beam etching or electron beam lithography, can produce structures with a an aspect
ratio of, at best, 20:1.

We are in the process of developing a new technique, MeV proton beam
lithography. As well as being capable of achieving submicron linewidths, it is anticipated
that this technique will also be able to produce very high aspect ratios (i.e structure
thicknesses) that are only otherwise possible using the LIGA process.

At present the smallest linewidths, which are of the order of tens of nanometres, are
obtained using scanning electron beam lithography (SEBL) or x-rays. In SEBL a modified
scanning electron microscope is used to 'write' a pattern into an electron resist such as poly
methyl methacrylate (PMMA). One of the limiting factors with this procedure is the
scattering of the electron beam. One of the advantages of using MeV protons rather than
electrons is that they are not scattered by material media as much as electrons. Another
advantage lies in the ability of MeV protons to deeply penetrate a layer of resist without
significant broadening due to scattering. Along with this, the beam produced by the School
of Physics' Microprobe has a relatively long depth of field, which means that the beam's
intense collimation CEI be maintained over a distance of hundreds of microns. Thus, thick
structures with a hifc,h degree of straightness can be produced. These factors combine to
place us in a unique position to undertake the fabrication of high aspect ratio structures with
submicron linewidths.

Figure 1: Photograph of PMMA coated glass substrate subjected to four different proton doses (in the
range 2-20(j.C/cm2). For each exposure the beam was scanned over a square area (160um x 160um). The
diagonal crack was caused by bending of the substrate.



159

4. RESIST EXPOSURE

So far, we have irradiated two different resists with MeV protons using the
Microprobe. Both these resists were 'positive' resists, that is after development the
exposed areas are removed. In the first instance the resist used was AZ4210, a polymer
commonly used for ultraviolet photolithography. Lines 5pim x 500nm and

\5iim x 500^m were written onto a resist layer approximately l^im thick using 3MeV
protons. These lines were clearly visible before development of the resist with an optical
microscope. Blistering (melting and the formation of bubbles in the resist) occurred for a
proton current of lOnA, but not for a current of lnA. This suggests that currents of 10s of
nA produce more heat in the resist than can be conducted away. Thus we have found a
limit for the proton current that we can apply to a polymer type material.

The sensitivity of the AZ4210 to proton beam exposure was unknown, so in our
more recent experiments the resist PMMA was used. As discussed above, this is a
commonly used electron beam resist. Our preliminary results using an approximately 2(im
thick layer of PMMA produced areas using doses of 2MeV protons ranging from 2 -
20|aC/cm2. These doses were consistent with those given in the literature [9].

5. CONCLUSION AND FUTURE WORK

We have shown that the resist PMMA is sensitive to MeV protons and that we can
produce etched lines in the resist after exposure. In our next series of experiments we plan
to characterize the dose required for complete exposure of the resist and compare these with
previously measured values. Using a dektak we will also investigate the profile of the
edges in the resist. This, in conjunction with SEM images, should also give us some
indication of the straightness of the edges and, hence, the degree to which proton scattering
affects the exposure. We are also engaged in the development of techniques to produce
thicker layers of PMMA on substrates in preparation for the fabrication of higher aspect
ratio structures.
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1 Introduction

Single ion microbeains are now being used in numerous areas of materials research where the sensitivity
offered by a single event, is somehow advantageous. Using single ions, new microlithographic techniques
leading to the formation of unique niicrostructures have been developed by B.Fischer et al. at G.S.I.
[1]. It is possible to direct single ions onto a material creating ionization damage via molecular cross
linkage and scission. Afterwards, a preferential etch rate along the damage track allows it to be etched
away faster than the bulk material. Such etching will lead to a nuclear track, and by controlling the
position and length of the track, chemical methods may be applied to produce an enormous collection
of microstructures. Tools like this are useful in complementing similar ones already being used in
industry.

Subjecting radiation sensitive microelectronic and biological specimens to rigidly controlled
single ion dosages allows investigation into the nature of radiation damage. In semiconductor devices,
ion interactions with doped layers give rise to electron - hole pairs. If created in a region where the
device's bias may form an electric field, then charge separation may lead to an analogue or digital
upset. An alteration of this kind is known as a single event upset ( SEU ), and such occurences plague
the correct working order of satellite electronic systems prone to damage from high energy cosmic rays
[2]. High energy protons supplied by an accelerator allow one to statistically model such upsets and
determine radiation tolerance limits for the device in question. This can be used to design fabrication
techniques better suited to improve the radiation resistance of the device.

In biological damage studies, cells have been irradiated using collimated ion microbeams.
Radiation induced chromosomal mutations and their consequences can be examined using single ions
accurately directed to sensitive cell regions during such crucial cell phases as mitosis. One is thus able
to selectively damage any region where the effect may be of use in understanding genetic mutations.

Such applicability deemed it profitable for similar work to be carried out at the University
of Melbourne's Microanalytical Research Centre (MARC). The submicron resolution available on
the Melbourne system gives a much greater spatial sensitivity to that of systems elsewhere allowing
analyses on materials where the ion positioning is critical. Over the past 12 months much effort has
been put into developing a single ion microbeam to be used in such experiments as discussed above.
In this paper we wish to present the progress as made to date and to discuss applications both present
and future.
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2 System Description:

Producing a single ion beam from a continous low beam current requires the ability to rapidly switch
the beam off, on detection of a single ion within the target chamber, so that there is a negligible
probability of more than one ion reaching the sample at any specific time. A simplified schematic of
the system is seen in figure 1 below.

DETECTION

SCAN COILS

DEFLECTOR PLATES

BEAM TUBE
TARGET CHAMBER

SCANNING SYSTEM

BEAM PULSER

COMPUTER
Pig 1: system schematic showing all major components.

To achieve this objective a fast technique of detection was needed. On a single event detect
the beam is electrostatically turned off and a computer controlled scanning system is triggered into
moving the beam to it's next predefined position. Software developed at MARC allows any number
of ions per pixel to be raster scanned in any user specified shape.

Due to the obvious importance associated with a single detect, it is important to ensure that
the signal to noise ratio for the detection is maximized. The mode of detection employed depends
entirely on the type of material being examined. For objects transparent to the beam the transmitted
ion is detected using a surface barrier detector positioned directly behind the beam as with STIM [3].
Targets thick to the beam pose a more complex problem. Typically a thin carbon foil is placed in
front of the target and the secondary electron yield from an ion collission can be used as a single event
detect. For the light ions of the energy available to the microprobe these yields are too small and work
is presently being done to examine thin coatings of magnesium compounds to markedly increase the
secondary electron emmissivity of carbon foils.
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3 Applications:

Developements to date have enabled single event appli cations in both microlithography and in the
testing of a microelectronic device particularly sensitive to nuclear radiation. Makrafol plastic detec-
tors have been irradiated as both a means of testing devised methods and establishing better ways
of overcoming problems due to system 'noise'.i.e the system being triggered by a non real event such
as electrical noise or ions scattered down the line. The plastic foil acts as a detector itself and after
etching can be compared directly to events detected on the transmission detector. Preliminary scans
of 50x50//m with 100 ions placed in each pixel are as shown in figure 2.0 below. The spatial resolution
is seen to be at or below 1 /tin.

Fig 2: 50x50/nn scan with 100 ions per pixel.

In testing microelectronic devices it is sometimes possible to treat the device response as the
single detect. Damage studies performed on an infra-red detector supplied by Telecom Australia have
been done in this manner. By scanning a single ion beam over an area encasing the sensitive detector
region the radiation prone areas can be effectively mapped by variations in amplitude response.
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A Versatile System for the Rapid Collection, Handling
and Graphics Analysis of Multidimensional Data
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The aim of this work was to provide a versatile system for
handling multiparameter data that may arise from a variety of
experiments - nuclear, AMS, microprobe elemental analysis, 3-D
microtomography etc..

Some of the most demanding requirements arise in the application
of microprobes to quantitative elemental mapping and to
microtomography. A system to handle data from such experiments
had been under continuous development and use at MARC for the
past 15 years. It has now been made adaptable to the needs of
multiparameter (or single parameter) experiments in general.
Both the hardware and software are modular in design. The
original system was based on a DEC PDP11/40. This was later
expanded and reprogramed to run on a DG DS7540 workstation. Now
the whole system of software has been rewritten, greatly expanded
and made much more powerful and faster, by use of modern computer
technology - a VME bus computer with a real-time operating system
and a RISC workstation running UNIX and the X-window environment..
This provides the necessary

(i) Power, speed and versatility
(ii) Expansion and updating capabilities

(iii) Standardization and adaptability
(iv) Coherent modular programing structure
(v) Ability to interface to other programs

(vi) Transparent operation with several levels, ranging from
the use of menus with programed key operation by
occasional users and preprogramed macros by regular
users with consistent needs to the use of powerful
macros, preprogramed or set up by experienced users.

(vii) Generalization of operation to handle any number of
dimensions

(viii) Integration of beamline control with data handling

The last two points enable further developments and adaptability
of the system to meet the needs of other accelerator users by
simple macro programing.

HARDWARE:

The Fast Data Acquisition Crate
Versatility is achieved by the use of a Fast Data Acquisition
Crate (FDAC). This solved the problem of interfacing multiple
ADCs and registers etc. to computers, so that we would not need a
new interface if the ADC or computer was changed. A compact
modular system in a standard Eurocard format, with plug-in cards
for the computer and for the ADCs etc., is deliberately made as a
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unit separate from the computer and from the NIM bins of ADCs and
any other electronics to which it interfaces. This modular
system has worked very well. In converting it to work with a VME
bus instead of a DS 7540, only one card in the FDAC had to be
modified.

As presently configured, the FDAC interfaces 4 ADC's
independently to the VME system. Each of these ADC's is handled
in coincidence with 2 registers {With a modification, these
inputs also can be ADC's.). Thus, there are 4 completely
independent stations, each with 3 data inputs plus a gating
input. Additional stations can be handled by the addition of a
second FDAC. Coincidence rates of up to 10K per station (higher
if necessary) are permitted.

If several permanent experimental stations are required, each
(AMS, nuclear, microprobe, etc.) can have a station in the FDAC
configured for its independent system of ADCs and electronics.
No hardware changes are needed in switching over from one mode of
operation to another. The operator merely calls up his software
and the configuration for data collection, handling and
presentation can all be selected by default options in the
operator's own personal macro running in the workstation.

The VME System
This Real Time system is designed for high speed data collection
and later expandibility. To obtain this speed, we use a high
performance DR11W board (as an interface to the FDAC) and a
Motorola, single-board, 25 MHz, 68030 CPU with on-board 16 MB
DRAM, ethernet and SCSI interface.

Data can be buffered and ordered or presorted and passed rapidly
via the ethernet to a dedicated RISC work station for analysis.

We could have packaged the VME system in a small crate, but
experience has taught us always to allow room for expansion and
we have opted for a 12 slot Motorola crate. Thus the 16 MB DRAM
and the ethernet are sufficient for handling all normal data
requirements. If, in the future, continuous, extremely high
counting rates are required, then more memory or a disk could be
added.

At present there is no need to store data in the VME system. The
VME system runs the VxWorks operating system and is booted up and
controlled from a dedicated RISC work station running UNIX.

The VME computer also handles other tasks, such as the control
and stabilization of microprobe lenses and the control of
scanning parameters, etc.

The RISC Work station
The IBM RS6000 model 320 RISC workstation offers computational
performance of 27.5 MIPS and 7.5 MFLOPS. It runs the AIX
operating system, (IBM's port of UNIX) and the X Window graphics
environment. The minimum hardware configuration consists of 16
MB of main memory, 600 MB of disc, tape for permanent storage,
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1280 x 1024 colour graphics ethernet adaptor, postscript driven
laser printer and optionally a high resolution colour printer.
UNIX together with the powerful X Window graphics protocol
provides a standard environment, making for compatibility and
easy and economical extension of the system. The VME system and
all its operations are under the direct control of the operator
at the keyboard of the RISC workstation or an extension monitor
(PC) at the microprobe specimen chamber.

SOFTWARE

The VME system handles data collection, selected preprocessing
and control of hardware.

The Workstation accommodates a user interface, top level command
and control of data collection, live data display building maps
and spectra, and display and analysis of old data sets or data
sets currently being collected (mapping, extraction of spectra
from regions of interest etc.).

The user interface is based on command, information and data
windows. The latter include spectra, maps and live data maps.
Files of event data, sorted event data, spectra or maps can be
saved, reloaded, processed or generated by other programs. Other
files can be colour scale files or shape files.

Each user can start the program from their own shell script,
setting arguments, macros, displays, fonts for texts and labels,
foreground, background and border colours, etc..

There are currently 90 inbuilt commands, including menu, macro
and help commands. As well as general purpose variables, all
configuration variables, markers and data such as spectra and
maps are accessible to the macro programer. Spectrum scales can
be autoscaled during movement or data accumulation and map
colours are automatically adjusted to maintain consistency during
data collection.

As well as using the system for PIXE, RBS, CCM, STIM and
Channeling STIM analysis, we use it to collect 3D-STIM tomography
data and use of a common map format provides compatibility with
the powerful 3D-tomographic program VIEW (developed at the
Livermore National Laboratories).

This work has been supported by the Australian Research
Committee.
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Introduction

Epitaxially grown Hg^Cd^Te (MCT) is an important material with many optoelectronic
applications including infrared detectors, optical switches, infrared lasers and focal plane arrays.
Characterization of the defect nature, crystalline quality and stoichiometric uniformity of epitaxially
grown MCT is essential in determining the performance of MCT based devices. For example, high
resolution MCT/GaAs based infrared focal plane arrays require an equivalent photodiode response
from all the pixels on the device and for each pixel to have a very high signal to noise ratio. These
parameters are directly affected by band gap variations [1], which is dependent on the Cd/Hg fraction
and lattice defects [2].

Stoichiometry, crystallinity and defect investigation of bulk and epitaxial MCT has been extensively
studied by Particle Induced X-ray Emission (PIXE) and Rutherford Backscattering Spectrometry
(RBS) in random and channeling orientations using MeV H and He ions [3-5]. The amount of damage
resulting from ion beam irradiation is determined by competition between point defect creation and
annealing processes, and consequently is dependent on dose, flux, temperature and impurity levels. Ion
beam induced defects, if stable and mobile, may agglomerate to form extended defects [6]. Therefore
careful evaluation of the damaging effect of ion beams on these crystalline materials during
measurement is needed.

The dose and flux dependence of H+ and He+ ion beam damage on Hgo^Cdg^Te grown on a GaAs
substrate by Metal Organic Chemical Vapour Deposition (MOCVD) has been examined using a
nuclear microprobe at the University of Melbourne. For this study the accumulation and measurement
of damage was performed in the <100> channeled orientation. Ion beam characterization in the
channeled orientation provides quantitative information on crystalline materials, therefore it is the
damage buildup in this alignment which is most important. The measurements presented here provide
a basis for guidelines for the appropriate dose and flux to be used in the channeling analysis of MCT.

Experimental

MCT was deposited on a 5 cm (100) oriented GaAs wafer using a M.R. Semicon MOCVD reactor at
Telecom Research Laboratories. Details of the MOCVD growth process are given by Pain el al. [7J. A
5 mm2 section of the wafer was used for the damage measurements.

For the damage studies the ions were channeled down the <100> MCT axis. Adjacent regions of the
sample were implanted, in the channeled orientation, with 2 MeV H* and He+ ions using the nuclear
microprobe at the University of Melbourne. During the microprobe implantation a lnA He and 1.2nA
H ion beam was focussed to a diameter of approximately 6 u,m giving instantaneous fluxes of
3.5mA/cm2 and 4.2mA/cm2 respectively. The average flux of the scanned beam ranged from 1.5
|jA/cm2 to 192 fiA/cm2. The beam was scanned over regions ranging from 75x75(j,m2 to 260x260ujn2

for He+ and 25x25nm2 to 85x85(xm2 for H+ with a scan frequency in the range 14-20 Hz. The Xmin> a l

various doses, was determined by the ratio of the backscattered yield (normalized for charge) in the
aligned and random directions. Random irradiations were performed by tilting the sample 5° from the
<100> axial direction.

The average energy loss of He and H ions in Hgo.5Cdo.5Te, under the analysis conditions, was
determined by depth scale simulation using RUMP and gave the values of 156eV/A for He and
16cV/A for H ions. To measure the damage in the near surface region of the Hg sublattice and the
damage of Cd, Te and Hg in the bulk region, the xmin w a s determined separately over two depth
regions by setting energy windows corresponding to scattering from Hg over a depth range of 120-460
A with respect to the Hg depth scale (region 1) and scattering from Cd, Te and Hg over a depth range
of 65-710 A with respect to the Cd depth scale (region 2). Both regions are indicated on the RBS
spectra shown in figures l(a) and l(b).

Results and discussion

Figures l(a) and l(b) shows the RBS/channeling spectra of Hgo 5Cd0 cTe/GaAs after channeling
irradiation to various doses using 2 MeV He+ and H+ ions, respectively. Both figures show the
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dechanneling rate for the analysis ions, measured by the slope of each spectrum, is approximately
constant in the dose range shown. The large value of the AXn,jn/ADepth is predominantly due to the
extended defects [8] formed during MOCVD growth. However the ion beam induced damage (given
by the number of target atoms displaced by the projectile ion) can be theoretically modelled using the
Kinchin-Pease cross-section 0^(9]. For 2MeV H+ a ^ increases by 4% in traversing the depth of the
MCT layer. For He+ ions the increase in a^p is approximately 45% indicating a more pronounced
increase in atomic displacements due to ihe projecljJe ion as il approaches the GaAs interface.
However this effect is difficult to distinguish due to the large dechanneling from extended defects near
the interface.

The damage buildup for channelled H+ irradiation is considerably slower than for He+ a:
approximately the same flux. Figure 2 compares the -AXmin' calculated in region 2, as a function of
dose (mC/cmz) for He+ and H+ ions up to 20 mC/cm2. The damage caused by the dechanneled beam
for He+ is approximately a factor of 6.5 greater than for H+ ions in the high dose limit. The ratio of the
He+ to H+ point defect (^channeling cross-section, is expected to be approximately a factor of 2 due
to the dependence on the atomic number (Z) of the projectile ion. In contrast the damage caused by
nuclear scattering from the dechanneled portion of the beam has a Z2 dependence on the projectile ion
leading to a factor of 4 difference between He+ and H+. Thus, if point defect creation were the
dominant cause of the dechanneling in the crystal then the expected ratio of He+ to H4 damage, under
similar analysis conditions, would be approximately eight.

The damage accumulation in MCT for H+ and He+ ions appears to have little dependence on
average current density (flux) under the analysis conditions employed in this study. Although the He+

results are more scattered than the H+ results, the authors do not consider that the differences are
significant and are attributed to statistical variations in the zero-dose estimate °f T̂ nin- F 'gu r e s 3(a)
and 3(b) display the change in aligned yield as a function of ion fiuence at various flux values. For Ihe
He measurements (figure 3a) a lnA beam was scanned over regions 75x75 Jim* (average flux=17
nA/cmz), 150x150 jim (average flux=4.4 nA/cm2) and 260x260 urn2 (average flux=1.5 |xA/cm2). It
has been suggested by various authors [3] that Hg is very sensitive to He beam damage in MCT, thus
the Xmin w a s determined in region 1 (corresponding to scattering from the Hg sublattice over a depth
range of 120-460 A with respect to the Hg depth scale) as well as region 2 (corresponding scattering
from Cd, Te and Hg over a depth range of 65-710 A with respect to the Cd depth scale). The results
indicate that the damage rate in the Hg sublattice is approximately the same as that in the bulk MCT in
the dose and flux regime shown.

The H+ damage measurements (figure 3(b)) used a 1.2nA beam scanned over 25x25|im2 (average
x=192 nA/cm2), 50x50 |jjn2 (average flux = 2 d 8585 2 ( i f l 7
/ 2 ) f H+ i Th d h i fi 3(

g ( g ( ) ) | (g
flux=192 nA/cm2), 50x50 |jjn2 (average flux = 48 v.A/cm2) and 85x85 ^m2 (average ion flux=17
fiA/cm2) for H+ ions. The data shown in figure 3(b) corresponds to damage accumulated in the Cd, Te
and Hg bulk region only (i.e. region 2). The data for H+ damage in the Hg surface layers is not shown
due to its poor statistical quality. Over the limited flux/scanning conditions used, the data in figures
3(a) and (b) indicate that the damage produced by the scanning focussed microbeam only depends
upon the total fiuence of ions and is independent of the average ion flux in the scanned area. The high
dose results obtained from the high flux data also suggest that a damage equilibrium is established at
high dose.

Conclusion

The flux measurements show that ion beam damage in MCT is dependent on total ion dose rather
than average flux in the measured dose and flux regime. The results indicate that for damage in the
host lattice to be minimal (Axmm <10%) during ion beam analysis the total ion dose absorbed by the
lattice should be in the range 0-10 mC/cm2 for He irradiation, while doses up to 40-50 mC/cm2 may be
acceptable for H irradiation.
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Figure 1. (a)(Top Left) Channeled RBS spectra of MCT
on GaAs for 2.0 MeV He+ ions at doses of 0.5 and 5
mC/cmz, and (b)(Top Right) H+ ions at doses of 2,40,416
mC/cm . Inset shows regions over which the Xmin n a s

been calculated. Region 1 corresponds to a depth range of
120-460 A with respect to the Hg depth scale. Region 2
corresponds to a depth range of 6S-710 A with respect to
the Cd depth scale.

region 2 as a function of dose for H+ and He+ ions.
Figure 3a(Bottom left). Comparison of He* ion beam
damage in region 1 (unshaded symbols) and 2 (shaded
symbols) during channeling irradiation for a lnA focussed
microbeam of diameter 6 \im. Scan sizes of 75x75|imz

(average flux= 17|iA/cmz) lSOxlSOwn2 (average
flux=4.4(iA/cm~) and 260x260|im2 (average
flux=1.5|iA/cmz) were used.
Figure 3b(Bottom Right). Comparison of H+ damage in
region 2 during channeling irradiation for a 1.2nA focussed
microbeam of diameter 6 UJIL Scan sizes of 85x85(iin2

(average flux= 17|iA/cmz) 5Ox5O|jmz (average
flux=48|iA/cmzl and 25X25|ATOZ (average
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DAMAGE ACCUMULATION IN OXYGEN IMPLANTED SAPPHIRE
— SUBSTRATE ORIENTATION DEPENDENCE

W.Zhou and DJCSood
Microelectronics and Materials Technology Centre

RMIT, Melbourne, Vic 3000

ABSTRACT

A study of the effect of substrate orientation on damage accumulation in AI2O3
crystals implanted at 77 K with oxygen self ions has been done. The crystal
anisotropy plays an important role in damage accumulation processes as
evidenced by the difference of the threshold critical dose for formation of an
amorphous layer and of the damage behavior during damage accumulation when
the irradiation was respectively performed near <1201> orientation (a-axis) and
<0001> orientation (c-axis).

INTRODUCTION

It is not possible to form glassy alumina from a melt quench so that the
formation of amorphous AI2O3 by ion irradiation has been a matter of
considerable interest since the first report by Matzke and Whitton"**. Unjjke
the films of amorphous alumina obtained by thermal oxidation of Al metal*1 ,
the films formed by ion implantation can be made quite thick, thousands of
angstroms instead of tens of angstroms. Also unlike the amorphous material
formed by sputtering < ^ '^ > , the layers formed by ion implantation can be made
as pure as the starting material by using Al or O ions as the bombarding species.
Amorphous material formed by implantation has been the basis of improving the
surface mechanical properties of sapphire and most other ceramics materials.

In this paper we report (1) the response of damage accumulation to implant
doses, (2) the critical dose necessary for the production of an amorphous alumina
layer, and (3) the dependence on substrate orientation. Oxygen as the self ion was
chosen as the implant species.

EXPERIMENTAL

In order to facilitate a detailed comparison on the samples with different
orientation, identical experimental conditions were used. The optically flat, a-axis
and c-axis oriented single crystals of AI2O3 were used after pre-annealing at
1400°C in an oxygen environment for 5 days, so that these sapphire slices were
damage free. Oxygen self ion implantations were ^performed at 55 keV energy
with the doses ranging from 0.1 to 4.7xlO10 ions/cm , about 7° off surface normal
of the samples held at 77 K. Ionjcurrent density was less than 2 A/car and
chamber vacuum was about 5x10 ' Torr. 2 Mev helium ion beam Rutherford
backscattering and channelling (RBSC) and reflection high energy electron
diffraction (RHEED) have been employed to investigate their damage behavior.

RESULTS AND DISCUSSION

Fig.l shows the RBSCLresults for implantation with various doses/ranging from
0.1 to 1.5xl010 ions/cmz in Fig.la, and from 3 to 4.7xlO10 ions/cnr in Fig.lb) of
oxygen ions when the irradiation is near a-axis. The damage accumulation for
irradiation occurs by progressing growth of two damage peaks (extending from
the surface up to the mean range of the implanted oxygen ion), which merge into
one as full amorphous layer sets in with increasing, dose. A thin layer of
amorphous surface forms after a dose of 3xJ01C) ions/cm^ and the full amorphous
layer is observed following a dose of 4xlOlb ions/cm . RHEED results show that
the diffraction patterns of spots characteristic of crystal disappear in the samples
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implanted with the dose of 3x10*° ions/cm^ or more. These patterns are
consistent with the RBSC results quoted above. The threshold critical dose for
formation of amorphous layer in a-axis AI2O3 is found to be between 3 and
4xlO10 ions/cmz in Fig.lb.
Fig.2 shows the results on the damage accumulation when the irradiation is near

c-axis. The damage accumulation and the dose required to form an amorphous
layer are quite different than the case described above. The RBSC results for
irradiation show the expected pattern of damage accumulation which is that the
damage mainly accumulated near the mean range of the implanted ions, then
broadens to form a full surface amorphous layer. The threshold critical dose for
the formation of surface amorphous layer showed in Fig.2a can not be more than
1.5xl0lb ions/cm . This is much less than the dose required if the irradiation is
done near a-axis direction.
It is quite clear that the substrate orientation of AI2O3 plays an important but as

yet unidentified role in the damage accumulation processes. The similar effects
were also observed by Farlow et a l < 3 > who used chromium ions as implant
species.

Whether a-axis or c-axis the damage accumulation behaviour is similar for both
the aluminium and oxygen sublattices. There is no evidence of preferential
disordering of a single sublattice even though the displacement energies of
aluminium and oxygen are remarkably different . The studies on the
behaviour exhibited during subsequent thermal annealing of AI2O3 crystals
implanted by oxygen ions have also been performed and will be reported
elsewhere.

CONCLUSIONS

It has been shown that the crystal anisotropy plays a profound role in the
damage accumulation processes. The threshold critical dose for formation of an
amorphous layer of A12O3 at 77 K is found to lie between 3 and 4xlO10 ions/cnr
if the sample is irradiated near, the a-axis of the substrate, and in the
neighbourhood of 1.5xl(r" ions/cm^ if the irradiation is near the c-axis.
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DRY ETCHING OF INDIUM PHOSPHIDE

Patrick Bond, Dipankar Sengupta
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R.M.I.T Melbourne
GeoffJCReeves
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R.M.I.T, Melbourne

ABSTRACT

Indium Phosphide (InP) based, compound semiconductors are the best materials
for integrated optoelectronic devices. As the requirements on device
performance becomes more stringent, issues of controlled etching through thin
layers , fidelity of pattern transfer and etch induced damage control assume
greater importance.

In this study the effect of varying etch conditions on (100) InP was investigated
using the high vacuum, dry etching facility at R.M.I.T. A Kaufman ion source was
used to generate Argon ions that impinge onto the sample. The reactive gas,
freon 12 (CCI2F2), was introduced near the sample surface. The ion beam
potential was varied over the range 350V to 750V, with a constant ion density of
0.4 mA/cm . The Argon flow rate was kept constant at 0.431 ml/min, the reactive
gas flowrate was varied from 0 to 1.43 ml/min. It was found that the etch rate was
reaction rate limited beyond the flowrate ratio, CCl2F2:Argon, of approximately

The surface damage was measured by electron microscopy and Rutherford
backscattering studies. It was found that at these conditions the physical damage
was marginal.

Optical waveguide patterns with minimum widths of 4/u.m were etched using this
technique. Edge definition and under cutting in these samples will be discussed.

Schottky diodes are now being fabricated on etched and unetched samples. It is
hoped that we can present the results of electrical measurements and relate them
to the different etching conditions
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Electron Beam Modification of Ag Contacts to YBa2Cu3O7_x

S.D. Moss, P.J.K. Paterson, I.K. Snook

Applied Physics Department
Royal Melbourne Institute of Technology
GPO Box 2476V
Melbourne 3001

The formation of low resistance ohmic contacts to the
high temperature superconductor YBa2Cu307_x (abbreviation
YBCO) is one of the major problems in developing
electronic and electrical applications of the material.1

It is necessary to keep in mind the following points when
forming electrical contacts to YBCO:
- YBCO has a chemically unstable surface2, hence an
amorphous (non-superconducting) layer approximately 2nm
thick normally exists on the surface of YBCO crystals3;
- YBCO has a short coherence length, of between 0.1 and
lOnm1.
These facts indicate that the interface between YBCO and
the contact metal will be important in determining the
physical characteristics of the contact.

Silver (Ag) has been shown to be a good candidate to form
low resistance ohmic contacts to YBCO. Specific contact
resistivities of less than 10~10 ohm.cm2 have been
achieved on YBCO bulk oxides4. Unfortunately to produce
such low resistances it is necessary to anneal the
contact-superconductor system at relatively high
temperatures (500C<T<950C)l. At these temperatures it is
thought that either; (i) Ag diffuses into YBCO or, (ii)
Y, Ba and Cu diffuse into the Ag5. Whatever the
mechanism, the high annealing temperature makes this
method of contact formation incompatible with, for
example, existing semiconducting technology6.

It has been shown that electron beam irradiation of the
Cu-Al2O3 interface can enhance adhesion in this system

7.
The mechanism for the adhesion enhancement is thought to
be the ionisation of the interface and subsequent
chemical reaction. It is hence plausible that
irradiating the Ag-YBCO interface with kV electrons will
induce a similar chemical reaction, producing low
resistance ohmic contacts.

Thin films of Ag were laid down on polycrystalline bulk
YBa2Cu307_x by electron beam evaporation in a UHV chamber
with base pressure 10~10 torr. Pressure during
evaporation was typically between 10~6 and 10 torr.
Film thicknesses w&r& carefully monitored and are in the
range 250A to 2000A. Electron irradiations were carried
out in the UHV system equipped with a 10 KeV Auger
Electron Spectroscopy system. Electron energies varied
between 1 and 9Kev and the dose range was between 1014 and
1019 electrons cm"2. Irradiated areas were typically 5 mm
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* 5 mm and beam currents were kept < 4 uA so that power
density remained below 0.5 W cm . Measurements of I-V
curves, for both irradiated and unirradiated films, were
made using sensitive resistance bridges on the laboratory
bench.
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APPLICATIONS OF SYNCHROTRON RADIATION TO MEDICAL IMAGING

by

R.F. Garrett*

Australian Nuclear Science and Technology Organisation
PMB1, Menai, NSW, 2234, Australia

Introduction

The advent of reliable and dedicated synchrotron light sources in the 1980's has lead to
applications in many fields, in addition to the traditional physics and chemistry users of these
facilities. In particular the use of synchrotron radiation in biological and medical research is
increasing worfd-wide.

The high flux and high brightness of the dedicated synchrotron radiation sources make them
particularly suited to imaging applications. The characteristic synchrotron radiation spectrum
is a continuum up to a high energy cut-off. This cut-off increases with the square of the
electron energy in the storage ring, and linearly with the magnetic field generating the
radiation. The addition of a suitable crystal monochromator (usually Si crystals) produces a
high intensity highly monochromatic beam. The development of high field wigglers at several
synchrotron radiation centers has made available high flux X-ray sources in the medically
useful energy range above 30 keV. Monochromatic beams from these sources can exceed the
flux from conventional X-ray tubes by several orders of magnitude.

The availability of monochromatic high intensity X-ray beams in the 30-100 keV energy
range makes possible a number of medical imaging modalities which are either extremely
difficult or impossible to perform with conventional X-ray sources. The key advantage of
synchrotron radiation is the combination of high flux and high brightness: the radiation is
highly collimated in the forward direction, not radiated into a large solid angle as with an X-
ray tube. The aim of X-ray imaging techniques is the measurement of X-ray attenuations.
With monochromatic X-rays from synchrotrons these can be measured to much higher
precision, as the attenuation coefficients are constant. The quantitative nature of the data
allows techniques such as K-edge subtraction to be used to generate high contrast images of
particular elements.

The use of synchrotron radiation in medical imaging will be illustrated by describing two on-
going projects at the National Synchrotron Light Source, Brookhaven National Laboratory in
the USA. These are Intravenous Coronary Angiography1 and Multiple Energy Computed
Tomography3.

'Present Address: CSIRO Division of Materials Science and Technology, Locked Bag 33,
Normanby Road, CLAYTON VIC 3168
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Intravenous Coronary Angiography

Coronary heart disease is one of the leading health problems in the developed world. The
primary diagnostic tool for assessing the condition of the coronary arteries delivering blood
to a patients' heart is the coronary angiogram. Unfortunately this is a relatively hazardous
procedure, with a mortality rate of about 0.1%. Angiograms can therefore only be performed
on patients already exhibiting symptoms of heart disease, and cannot be used to screen people
thought to be at risk, or to follow up the effects of drug therapy.

The reason for the high risk is the arterial catheter used to introduce an iodine containing
contrast agent into the coronary arteries. This can be avoided using an intra-venous catheter,
but then the contrast agent travels first through the lungs, then to the coronary arteries by
which time it is diluted by a factor of twenty or so. Using conventional sources there is not
enough contrast left to obtain a useful image of the arteries.
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Figure 1. X-ray Attenuation Coefficients

With the high flux highly monochromatic beams from a synchrotron source, this contrast
problem can be alleviated by using the technique of K-edge subtraction. The process is
illustrated in Figure 1. Two images of the heart are acquired, one at an X-ray energy just
below the K-edge of the Iodine contrast agent, and one just above. It can be seen from
Figure 1 that whereas the attenuation coefficient for iodine changes by over a factor of six
across the edge, those for bone and water (ie a human body) change by only a small amount.
The two images are acquired digitally, and logarithmically subtracted pixel by pixel. The
resulting image is a quantitative measure of the thickness of iodine in the body, which allows
the blood flow in the coronary arteries to be visualized.

The experimental set up is shown in Figure 2. The synchrotron radiation source is the NSLS
X17 superconducting wiggler2, at present operating at a field of 4.4 Tesla. A dual crystal
monochromator generates two X-ray beams bracketing the K-edge of Iodine. Because of the
slightly different angles of the two Bragg reflections, the beams can be made to intersect at
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Figure 2. Coronary Angiography Imaging Facility at the NSLS

the patient position, and diverge again behind the patient to be separately recorded on a dual
array Si-Li detector. The beams are each 0.5 mm high, and the detector elements are 0.5 mm
wide giving 0.5 x 0.5 mm pixels in the image. The patient is scanned vertically through the
twin beams, so that an image of the entire heart is recorded. The currents in each detector
element are digitized, and the logarithmic subtraction is performed when the imaging
sequence has been completed.

To date, six patients have been imaged at the NSLS angiography facility'. The resulting
images, while useful, are not yet of equal quality to the conventional angiogram. Still more
flux is needed to increase the signal to noise in the images. A bent Laue crystal
monochromator is under development which should give up to an order of magnitude more
flux than the current Bragg reflection monochromator.

Multiple Energy Computed Tomography

X-ray computed Tomography (CT) is used in many fields to obtain crossection views of
objects. It has found important applications in medicine, where it is used to take crossection
or slice images of all parts of the body.

Synchrotron radiation offers several advantages to CT. The radiation source is nightly
collimated in the vertical plane, and so naturally produces a horizontal "fan" beam which is
ideally suited to CT, where a projection image is measured at many angles and reconstructed
to produce a slice image. The principal advantage of synchrotron radiation is again the ease
by which higly monochromatic intense beams can be produced. Just as in the case of
angiography, K-edge subtraction techniques can be used to image the distribution of a
particular element, principally a contrast agent element. Also conventional CT suffers from
"beam hardening artifacts" where the softer region of the broad band emitted by an X-ray tube
is absorbed more strongly, resulting in a changing X-ray spectrum at different depths in the
object being imaged. While these artifacts can be largely removed numerically, these effects
make quantitative evaluation of the CT image very difficult.
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To establish the performance advantages of a truely monochromatic X-ray source, a CT
human imaging system is being developed at the NSLS. The X-ray source is the same X17
wiggler as for the angiography project. A sufficiently wide beam is available to image the
head and neck, and the completed system will be ultimately used for clinical research in
neuroradiology. The experimental arrangement is shown in Figure 3. A double crystal
monochromator generates a horizontal monochromatic fan beam. The patient is seated and
rotated in the beam, and data is collected by a stationary detector behind the patient.

X-Ray Fan Beam

^ Electron Storage Detector

Figure 3. Schematic of Multiple Energy Computed Tomography system.

Two imaging modes are planned. The first is K-edge subtraction, similar to the angiography
system. Initially iodine contract agents will be used to image the circulation in the head and
neck, and to locate small tumors. The calculated detection limit of 0.1 mg/cc in a 3mm tumor
is about ten times more sensitive than conventional CT. The other mode is Dual Photon
Absorptiometry (DPA). In this mode images are taken at widely separated energies eg 40 and
90 keV. As can be seen from Figure 1, the attenuation coefficients are characterised by a
rapid decrease at low energies, where photo-electric absorption dominates, and a slow
decrease at high energies where Compton scattering is the major absorption process. At 40
keV intermediate Z elements eg K, Ca (bone in Fig.l) still absorb mostly via the photoelectric
effect, while soft tissues (low Z elements) are dominated by Compton absorption. At the high
energy both groups are predominantly Compton. Thus images taken at these two energies can
be analysed to give an image of low Z (Z < 20) and intermediate Z elements. The latter
group includes several elements of great neurological significance eg K and Ca. Abnormal
distributions of these elements are suspected in several brain disorders. DPA using the
synchrotron source is calculated to be able to detect a calcification of 0.3 mg/cc or a 10%
change in the K concentration in a 5 mm diameter lesion; both a 10 fold improvement over
conventional CT.

All components of this system are technically challenging. The monochromator must be
detuned to reject higher order reflections, and be able to change from 40 to 90 keV within
about five seconds. The patient chair must spin the patients head with an axial wobble of less
than 100 um. The detector is planned to be a monolithic high purity Germanium crystal, 40
cm long with 0.5 mm elements. Thus the in-plane resolution will be 0.5mm. Germanium
was chosen because it produces a much higher signal than gas detectors due to the low
threshold (2.96 eV per electron hole pair) and has a higher absorption at high energies than
Si(Li) detectors.
At present a prototype system is in operation imaging small "phantom" objects, while
development work continues on the monochromator and detector systems.
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ABSTRACT

A chemical/radiochemical neutron activation procedure with a limit of detection for Th
in urine and blood serum of 1 x 1012 g.g'1 was used to monitor the body fluids of workers
exposed to Th. These levels were in the range 5-210 ng.L1 for urines and 170-1970 ng.L' for
serum.

INTRODUCTION

The bioassay procedures, urine and blood analysis, have been used to determine
submicrogram amounts of Th in body fluids for assessing the exposure of individuals to this
primordial radioactive element in the monazite processing, gas mantle and nuclear industries
as well as in industrial processes that use Th as a catalyst or an alloying agent in refractories1'7.
The procedures are generally characterised by the multiplicity of separation steps necessary to
purify Th or its neutron activation product, Pa, so that interferences do not marr their final
detection and quantification at these extemely low concentration levels. However, despite this
extreme analytical care, published data on Th concentrations in body fluids are bom sparse and
subject to variations of almost two orders of magnitude (Table 1). This paper examines the use
of chemical/radiochemical neutron activation analysis for monitoring the urine and blood serum
of mineral sand workers exposed to monazite, a rare earth phosphate mineral containing 6%
Th.

EXPERIMANTAL

Urine samples (1 litre) were collected over a 24 hour period in precleaned glass bottles
to which was added 5 ml of BDH Aristair high-purity nitric acid. Blood serum (10 ml) were
sampled from the same workers in precleaned glass containers.

Samples were analysed by a modified version of the chemical/radiochemical neutron
activation analysis procedure of Dang et al1. While the scavanging procedure for urines using
calcium phosphate followed by calcium oxalate coprecipitation was left intact, the radiochemical
procedure for both urine and serum were simplified to omit the large number of handling
procedures recommended by these researchers.

The scavanged Th, coprecipitated in calcium oxalate from the urine samples, were weighed
into high purity quartz tube and plugged with Al foil. Serum samples were lyophilised before
200 mg were packaged in a similar manner. All samples were irradiated for 4 to 7 days at a flux
of 5 x 1012 n.cm 2.s in the X-6 rig of the nuclear reactor HIFAR. Often, the irradiated calcium
oxalate from the urines could be analysed directly for Th after 7 days cooling, by counting the
312 keV photopeak of 233Pa on a high resolution gamma-ray spectrometer. Where low Th
concentrations or spectral interferences prevented this, the oxalate was dissolved in nitric acid
and the Th scavanged by manganese dioxide precipition and the filtered precipitate counted for
Th. Further scavanging with barium sulphate was unnecessary. Similarly for irradiated serums,
only the manganese dioxide scavanging procedure was used 7 days after irradiations and prior
to counting.
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RESULTS AND DISCUSSIONS

Results for this analytical program are summarised in Tables 2 and 3. Both the procedures
for urine and serum were tested by replacing these biological fluids with high purity, distilled,
demineralised water to test the blank levels. Blank Th concentrations of 9.4 and 1 ng.L'1 were
obtained, respectively. Further, urine and blood serum samples from workers at Ansto were
analysed to establish normal environmental levels for unexposed individuals. An additional
pooled serum sample from the Red Cross in Sydney were included in this survey. These results
are listed in Table 3.

The adopted radiochemical procedure was tested further on NBS standard reference
materials containing Th concentrations in the range 37 to 64 ng.g"1. Table 2 shows good
agreement with the literature values.

Table 3 lists the Th levels found in the urine and blood of exposed workers. Although
most of the urine concentrations for these workers (3-210 ng.L'1) exceeded the levels found in
the control group (<1-17 ng.L"1), they were more than an order of magnitude lower than the
recommended level for further investigation8, 6400 ng.L"\ and much lower than the levels
reported for monazite workers in Brazil^0 (320-1680 ng.L"1). The range of values found in the
control group arise from the major source of intake for the population, food. This intake varies
dependent on dietary habits. One overseas study has estimated a daily intake range for Th of
0.83-4.39 ug9. Reference Man is estimated to ingest 3 ug.d"1 and excrete 100 ug.d (70 ng.L"').
The concentration range for Th found in the blood serum of these workers (170-1970 ng.L l) is
within the range of literature values (Table 1). Attempts to directly correlate urine and serum
levels with one another and with the exposure history of the individuals met with little success.
Although the levels are variable they are low, being well below predicted values based on air
sampling and currently accepteds biokinetic models accepted for Th12.
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Table 1. Literature values for thorium in urine
and blood serum (ng.L1)

Urine

2.71

2.82

1.32

743

1004

Serum

7.91

<405

<40,0006

500-24007

Table 2. Determination of thorium in NBS
Standard Reference Material (ng.g1)

Standard Certified Present
Value Work

Orchard Leaves, 1571 64+/-7 63+/-1
Pine Needles, 1575 37 +/- 3 38 +/ 1

Table 3. Thorium Concentration Range and Means
in Urine and Serum (ng L )

Samples

MSI*

Control

No.

34

4

Urine

Range

3-210

<1-17

No.

25

Serum

Range

170-1970
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by
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Marine organisms nearly universally have a planktonic, dispersive larval stage early in their
development. These larvae are minute, fragile and extremely difficult to sample quantitatively.
The direction and distances they disperse are very poorly known for any species and, for this
reason, the geographic structure of the populations of marine organisms is difficult to determine
and poorly defined. The traditional way of assessing population structure involves biochemical
genetic studies, but these techniques can indicate only major discontinuities in patterns of larval
exchange among areas. They are incapable of resolving populations that are virtually (>95%)
self-contained, even though it is these populations that are of major interest both to marine
ecologists and fisheries managers.

For the last four years we have been investigating an alternative method of assessing the
population structure and movement of marine fishes. This method is based on analysis of the
chemical composition of the calcified tissues ~ bones and scales - in fish. These tissues are
composed of a calcium carbonate-protein or calcium phosphate-protein matrix into which are
bound a large number of microconstituents ~ elements that are either incorporated into the protein
structure or replace calcium, carbon or phosphorus in the crystalline component of the matrix. As
early as 1967 (Fisheries Agency of Japan, 1967), preliminary studies suggested that the
quantitative analysis of these microconstituents, or trace elements, could provide information on
population structure and movements. This suggestion was based on two assumptions and a
hypothesis. The assumptions are 1) that the calcified tissues of fish, with few exceptions, are not
susceptible to dissolution or resorption and 2) that growth continues throughout life. If these
assumptions are correct, calcified tissues are permanent records of the influence of endogenous
and exogenous factors on their calcium-protein matrices. The hypothesis is that genetic
differences between populations and/or differences in the environments to which each is exposed
affect the incorporation of trace elements in calcified tissues, which results in chemical
compositions specific to each. An extensive fisheries literature supports the initial assumptions.
The working hypothesis also appears reasonable, given an extensive literature on invertebrates
that relates differences in the composition of, for example, mollusc shells and coral skeletons
(calcium carbonate matrices similar to those in fishes) to a range of environmental and
physiological conditions.

Since 1967, measurements of trace elements in calcified tissues of fishes have been used in three
areas of fisheries science. First, as indicators of pollution, principally by heavy metals. Second,
as a means of determining the ages of fishes, through analysis of either the rates of decay of
210 a nd 2 2 6 R S o r the concentrations of isotopes or elements thought to vary seasonally as a
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function of water temperature, e.g., oxygen isotopes, iron, phosphorus/strontium ratios and
strontium/calcium ratios. And third, as an indicator of stock or sub-population identity. The
analytical techniques used in these studies have included AAS, X-ray fluorescence
spectro(photo)metry, neutron activation analysis. X-ray diffraction, radiochemical analysis,
stable isotope analysis and ICP-MS and ICP-AES. The diversity of techniques involved reflects
both the developing nature of the field and the differing objectives of the various studies. All
these techniques gave bulk analysis and are often destructive.

We began experiments in 1987 with a view to using ontogenetic variation in the chemical
composition of fish otoliths ("ear bones" - the first calcified tissue to develop in embryonic
fishes) as an indicator of movement/migration patterns. Acquiring such data dictated the use of a
probe microanalyzer, which could be scanned along the growth axis of an otolith and provide
discrete information on otolith composition at different stages in the life of the animal. We have
thus far examined the suitability of electron (EPMA) and proton (PIXE) probe analyzers and
determined optimal operating parameters for both when dealing with biogenic aragonite matrices.

We routinely detect 14 elements on otoliths, using the two probe microanalyzers (Fig. 1). Light
elements, up to Cl, were measured using the electron probe. Most of the heavier elements, except
Sr, are at concentrations < 100 ppm, which dictates use of the PEXE probe for quantitative
analysis of their variation across the otolith and among individuals. PIXE has not previously
been used for detailed, multi-element analyses of otoliths. Consequently our initial studies have
focussed on the appropriate procedures for use of the technique and assessment of the effects of
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Figure 1. Abundance of elements (other than Ca) detectable in otoliths of three species of marine
fishes using EPMA and PIXE. Horizontal lines indicate approximate mean MDL's for each of
three probe microanalyzers used thus far, at standard operating conditions.
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beam parameters on data quality. To date, we have experimented on otoliths of three fish
species. Results are similar for all three. The experiments were carried out at the Heavy Ion
Analytical Facility at the CSIRO Division of Exploration Geoscience.

The specimens were analyzed using a 3 MeV proton microbeam, focused between 5-30 |im, with
beam currents between 3-20 nA. The X-ray spectra detected with a Si(Li) detector at 45 degree
take-up angle were normally collected for 2-3 uC charge, resulting in ~5 ppm minimum detection
limits for trace elements of interest (Cr to Rb) detected through their K lines, and 10-50 ppm for
the heavy elements detected through L lines.The smaller beams were required for
analysis of otoliths from newly spawned fishes, a primary objective of the study. While the
otolith itself appears to withstand high beam densities, the specimen itself can be lost when the
epoxy used to hold the specimen melted. For this reason, it is important to monitor the specimen
visually while adjusting for the correct level of beam intensity during the first few minutes. Most
analyses were carried out with a 100 um Al filter, which effectively attenuates the Ca lines and
enhances the detection limits of all heavier elements. Most specimens are thinner than the effective
depth of analysis (-20 |im), which is taken into account in the data reduction. As well, Suprasil
substrate and the epoxy used were selected to minimize contamination. Initial results indicated
severe contamination, from the epoxy and from polishing compounds, which required
modification of procedures for handling and preparing specimens prior to analysis.

Results to date indicate highly significant geographic variation in trace element concentrations in
several species of fishes. Further work is in progress to assess the utility of this variability in
mapping patterns of planktonic dispersal of larvae. In contrast, in our first detailed study we
were unable to find consistent differences in composition for southern bluefin tuna collected in
several areas. From this we infer that all of these tuna are produced at a single spawning area, a
conclusion of fundamental importance in managing one of Australia's most valuable fisheries.
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The use of a Scanning Proton Microprobe
in AIDS research.
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A series of organoinetallic and inorganic drugs has been synthesized at the CSIRO Division of Chem-
icals and Polymers. The drugs, which are ail polyanions of various size, shape and charge are being
tested for their activity for the HIV virus in a continous human T-lymphocyte line (MT2) and in
peripheral blood lymphocytes (PBLs).

Determinations of drug activity have been carried out at the Fairfield Hospital's Virology Depart-
ment. The drugs under investigation have been shown to inhibit the replication of HIV in MT2
and in PBLs from healthy blood donors. The mechanism of action of these compounds is by direct
inhibition of the viral reverse transcriptase.

It is important for the drug synthesis programme to develop an understanding of the relationship
between polyanion properties and antiviral activity. For this it is essential to establish

(a) whether polyanions enter HIV infected cells?
(b) their distribution within these cells.
(c) whether this distribution is the same for all polyanions?
(d) whether the drugs remain intact (do not dissociate) on entering the cell?
(e) the differences between active and inactive drugs of similar structure?

Answers to these questions and to others will facilitate the synthesis programme. An elemental anal-
ysis by the scanning proton microprobe (SPMP) of cells infused with polyanions containing at least
two "signature" elements not normally found in cells can provide information on these matters.

Typical living lymphocytes (MT2 and PBL) are about 10 nm in diameter and after plating out and
freeze-drying are about 12 fim in diameter. Therefore a microscopic technique with resolution of at
least 1 fim is required to be able to see drug concentration with subcellular resolution. A typical
subtoxic concentration is different for different drugs and varies from 5 to 200 micrograms of drug
per 1 nil of culture medium. The resultant levels of signature elements within the cell are typically
below 100 pprn. This low concentration of drug with the required resolution can be detected in a
non-destructive way only with a scanning proton microprobe (SPMP). After the freeze-drying pro-
cedure, a spherical cell collapses to a thickness of less then 1 /tm. This requires a very high efficiency
data collection system as provided by total quantitative scanning analysis (TQSA).

TQSA enables the SPMP to scan a specimen and simultaneously extract all the information required
to produce maps of the distribution for each element and the elemental spectra from all regions of
interest. The elements and region of interest can be defined after the collection of data and the abil-
ity to extract a complete spectrum from any defined shape allows the instrument to made accurate
quantitative measurements of the elemental content of complete cells or their constituents.

In this investigation we detected uptake of these inorganic polyanion drugs by lymphocytes, and fur-
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ther measured the uptake spectrum with sufficient quantitative accuracy to determine the structure
of the compound in the cellular environment. Although quantitative measurements can be made with
such data, it must be emphasized that in all cases the drug concentration used in the incubation
treatment was subtoxic for the particular component. Extensive study of damage done to the cell
by intense proton beams during elemental analysis was performed with scanning transmission ton
microscopy (STIM) and it was found to be of no great concern. The scope of this paper does not
allow for detailed discussion of this (radiation damage) problem.

Prior to analysis, cells are incubated in maintenance medium (RPMI-1640 with 10% foetal calf serum
for MT2 cells, the same medium supplemented with interleukin-2 for PBLs) containing subtoxic con-
centration of drug. After 24 hours incubation, cells are harvested by centrifugation at 1500 rpm for
10 minutes, then washed twice in phosphate buffered saline to remove all residual drug. Following
an additional two washes in 0.154 ammonium acetate, the cells are resuspended in a small volume
of the same solution. For analysis, cells from this suspension are spotted onto duplicate grids and
immediately snap frozen in isopentane cooled down to freezing point by liquid nitrogen. The grids
are transferee! at liquid nitrogen temperature to a vacuum chamber and freeze dried at a pressure of
10~fi torr as the cells slowly warm up to ambient temperature over a period of about 12 hours.

The freeze dried cells are transfered to the specimen chamber of the SPMP and individually posi-
tioned and scanned with a 3 MeV proton beam of about 30 pA and 1 micron resolution. In order to
minimize thermal damage to the cells, the beam is kept in steady motion and all data for the scanned
cell are collected by TQSA. The data for each cell are sorted into a three-dimensional block, from
which all elemental maps and spectra can be extracted. The ratios of signature elements (those not
normally present in the cell) are compared with the same ratios measured for the pure compound,
to see whether the compound breaks down or is stable within the cellular environment. The maps of
the individual elements independently show the distribution of the drug within the cell (Fig.2).

A typical elemental spectrum from one of these cells is shown in Fig.l. The heavy element character-
istic for this HPA-23 ((NH^ialNaSbgWuOm]* 14//2O) drug are clearly measurable above the very
low background characteristic of the PIXE spectrum. The ability of the SPMP to map elemental
distributions is displayed for another drug in Fig.2. It shows the distribution of Phosphorus (A) and
Tungsten (B) in the two peripheral blood lymphocytes (PBL) within the scanned area (20x20 ftm2).
The Phosphorus map of Fig.2A is one of several elemental maps. Those for trace elements are natu-
rally poor in statistics but, in order to correlate them with cell structure, they can be superimposed
on other maps, such as this Phosphorus map; this can be done very precisely, because all maps come
from the same data set.

The conclusions from this study were that the techniques and instrumentation are appropriate for
the investigations but it is imperative, for the validity of any experimental findings, that subtoxic
levels of all drugs be used and that this is practical only if the x-ray detection efficiency is increased
by an order of magnitude. Accordingly, a new high efficiency Si(Li) detector is to be installed.

This work was supported by a CSIRO/University of Melbourne research grant.
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Fig.l A typical elemental spectrum from a PBL cell exposed to 5 fig/m[ of HPA-
23 drug. The detected concentration of Tungsten (~10 ppm) is close to the
detection limit of the SPMP, but a factor of 40 lower than the toxic level of
the drug in culture medium.
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Fig.2 Distribution of Phosphorus (A) and Tungsten (B) inside cells when exposed to
a subloxic level of drug in the culture medium.
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Abstract
The fundamentals of the perturbed angular correlation PAC technique will be discussed with
reference to the proposed facility at the ANU. Examples of the method will be presented in
order to illustrate the characteristics of the method. Initial areas of interest to be investigated
will be discussed.

Introduction
In nuclear structure studies, the sensitivity of the nucleus to extra-nuclear fields has long
been exploited in the measurement of the properties of nuclear states- g-factors and
quadrupole moments. The inverse situation, in which states of known nuclear properties are
used to determine local field conditions in a sample, is the basis of a well established, and
increasingly more important analysis technique. Several good reviews of the subject exist
1>4) and more current information maybe found for example by consulting recent
conferences on Hyperfine interactions 5 \

Fundamentals of Perturbed Angular Correlation (PAC).
An unperturbed y-y angular correlation is illustrated in figure 1. Here, a variation of
intensity is observed as a function of angle between the direction of emission of cascading y-
rays. This deviation from isotropy occurs because the detection of one of the y-rays,
together with the constraint of conservation of angular momentum, selects a subgroup of
aligned nuclei from the ensemble of all spin orientations in the sample. Alignments need not
only be produced by y-ray detection, but also by detection of emitted particles, by nuclear
reactions (Perturbed Angular Distribution (PAD) method) or by cooling to low temperatures
(Nuclear Orientation NO). ^ . . ^

RodiMCtivt " * '
taapl*

0+

Figure 1 Schematic of the Angular Correlation.
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The shape of the distribution shown in figure 1 depends on the nuclear spins involved in the
cascade. In the presence of a perturbing field, either magnetic or electric, the nuclear spin
coupies to the applied field producing a torque. This results in a precession of the nuclear
spin about the field direction which is proportional to the field strength. As the correlation
pattern is dependent on the spin direction, it will also precess. Thus for a fixed detector, a
modulation in the intensity as a function of time will be observed More correctly, the applied
field lifts the degeneracy of the m-substates and induces a time dependent transition between
them. The magnitude of the splitting depends on the strength of the field and different
splittings are observed for magnetic fields and electric field gradients, resulting in different
types of modulation patterns for the two cases.

PAC Probes.
For an effect to be observed, the intermediate nuclear state of the cascade must be
sufficiently long lived to allow the precession in the field to occur, measurement techniques
limit the lifetime of the intermediate state to lie within the limit of Ins to ljis. Consequently
there are relatively few nuclei suitable for PAC studies. The most commonly used probe is
111In which is ideally suited to the method. This nucleus EC decays to *' *Cd with a half life
of 2.8 days, providing sufficient time for a number of sample handling and modification
stages. The decay scheme of the daughter i n C d nucleus is shown in figure 2. The y-ray
energies are sufficiently well separated to be resolved in scintillation detectors and the
intermediate lifetime sufficiently long to be easily measured by direct timing circuits.

4.05 d

Figure 2 Partial decay scheme of*1 'In.
As n ' In is not yet readily available in Australia, we intend to use the ANU 14UD
accelerator to produce and directly implant n i I n into samples. The ability to produce on-site
suitable probes for PAC (and PAD, in which reactions are used to produce aligned nuclei)
considerably extends the range of available probes. In particular, we hope to use probes
such as 73Se in which the decay to the daughter takes only 7 hours, making it difficult to
procure it from an external source.
The PAC method is essentially a non-destructive technique, with typically only about lO1^
probe atoms required to perform a measurement. Consequently, the concentration in the
material under investigation is in most cases very low.

Measurement of PAC spectra
As seen from figure 1, the minimum requirement is two detectors, one to establish the
alignment direction and the other to measure the time variation of the intensity. The
collection efficiency can be greatly improved, and a number of systematic errors removed, if
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multiple detector configurations are employed. The "standard" PAC detector system consists
of four coplanar detectors each situated at 90* to its neighbours. Most existing systems use
Nal(Tl) scintillation detectors, however considerable advantage can be achieved if BaF2
detectors are used because of their faster time response.

Applications of PAC
A wide range of topics have been served by the use of PAC techniques, both for studies
involving magnetic fields and electric field gradients. Typical applications include:

- Hyperfine magnetic fields in ferromagnets
- Electric field gradients in non-cubic metals
- Radiation damage effects in solids
- Location and orientation of impurities
- Investigation of surfaces
- Local order in amorphous materials
- Defect - impurity studies
- High temperature superconductors
-.Phase transitions - solid state reactions
- Metal oxide insulators
- Semiconductors
-.Gaseous diffusion in metals

The common feature running through most of these applications is the local nature of the
method. This behaviour for electric field gradients is indicated schematically in figure 3.
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Figure 3 Schematic response to different lattice environments.

In a symmetric cubic lattice no electric field gradient is observed, resulting in no perturbation
of the original angular correlation. With non-cubic lattices, or nearest neighbour defects and
impurities, simple perturbation patterns are observed, due to well defined electric field
gradients. In the final situation indicated in figure 3, the probe samples electric field
gradients from a number of different sources, producing a time related attenuation of the
anisotropy. Although in this case results are less definitive than in the earlier examples, the
method is still sensitive to quantities such as the average defect density. The use of single
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crystals, annealing sequences, gaseous decoration and different defect production
techniques can produce detailed information on the type and orientation of defects in metals.
A good example of vacancies in metals has been presented recently by Collins et al.6).
In contrast to studies with metals,, the application of PAC to semiconductors has been much
more restricted, however, several studies have been performed, looking at the local
environment modification due to different dopants and introduced damage.

The ANU facility
The long involvement of personnel of the department of Nuclear Physics in the area of
hyperfine interactions applied to nuclear structure studies is being exploited in the
establishment, in collaboration with the Department of Electronic Materials and Engineering,
of an off-line PAC facility. This will consist of four BaF2 scintillation detectors and
appropriate equipment for heating and cooling samples. Data acquisition and analysis will
be accomplished using the existing systems of the Department of Nuclear Physics. The
initial measurements will be in the areas of phase transitions in pure semiconductor materials
and defect-antidefect interactions in compound semiconductors; areas currently pursued by
the Department of Electronic Materials and Engineering. These topics are at present poorly
understood, and require the application of a wide range of experimental analysis techniques
in order to elucidate their behaviour. PAC measurements, which provide information on
local structure, will produce data which are both complementary to those obtainable by
existing methods and strongly correlated to the way in which semiconductor materials are
modified by ion-beam bombardment or dopant introduction.

The application to other areas, in particular magnetic interactions in solids, are also being
considered.

References:
*) E. Recknagel, G. Schatz, Th. Wichert; in "Hyperfine Interactions of Radioactive

Nuclei" ed. J. Christiansen, Topics in Current Physics, 31 (Springer Verlag,
Berlin, 1983), pi33

2) Th. Wichert and E. Recknagel; in "Microscopic Methods in Metals" ed. U. Gonser,
Topics in Current Physics, 40 (Springer Verlag, Berlin, 1986), p317

3> R. Vianden; in "Nuclear Physics Applications on Material Science" ed. E. Recknagel
and J.C. Soares, (Kluwer AP., Dordrect,1988), p239

4) A. Lopez-Garca ; Mag. Res. Rev. 15 119 (1990)
5) H.G. Devare et al. Hyp. Int. 34,35 (1987) and Hyp.Int. 61 (1990)
6> G. S. Collins, S.L. Shropshire and J. Fan: Hyp.Int 62 (1990)1
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High Plateau Nuclear-Enhanced Backscattering Spectrometiy*

by

B. L. Doyle and J. C. Barbour

Sandia National Laboratory
Albuquerque, NM, USA, 87185-5800

Rutherford backscattering spectrometry (RBS) and nuclear reaction analysis (NRA)
are two of the most commonly used ion beam analysis (IBA) techniques. In this
review we show that the simplicity of RBS can be combined with the improved light
element sensitivity of NRA. This is accomplished by selecting incident beam energies
which are high enough so that the scattering cross section becomes more dependent on
the nuclear than on the Coulomb interaction.

Nuclear scattering usually starts to dominate Coulomb scattering when the collision
energy in the center-of-mass approaches the Coulomb barrier; however, it is
sometimes advantageous to select energies which are significantly above this value,
e.g. to suppress the scattering from heavy matrix atoms. The selection of incident
energy also depends on the degree to which one desires to take advantage of the high
cross sections associated with resonance scattering. While many sharp resonance
conditions are very useful, e.g. the famous 3.05 MeV 16O(a,a) case, the analysis of such
data can become quite complicated, especially if the concentration profile has
structure. Alternative energy regions of the scattering cross section can usually be
found which are relatively flat or at least vary smoothly with incident projectile energy.
Such regions offer extreme ease in analysis, but over a restricted depth range, e.g.
16O(a,a) scattering between 8.4-8.8 MeV [1J. These high plateaus in the scattering
cross section can provide extremely high sensitivity, and for the example just given, the
cross section is enhanced 22-27 times that of Rutherford, depending on scattering
angle.

The utility of other high-plateau nuclear-enhanced backscattering cases will be
examined for (p,p) and (a,a) elastic scattering for each of the light elements Li through
F. These scattering reactions will be specified according to recommended beam
energy, parameterization of cross section, analysis range and sensitivity. In addition,
modifications to existing RBS analysis approaches will be described which facilitate
the conversion of yield spectra into concentration depth profiles.

* This work was supported by the U.S. Department of Energy under Contract No. DE-
AC04-76DP00789.

[1] J. C. Barbour, B. L, Doyle and S. M. Myers, Phys. Rev. B 38 (1988) 7005.



APPLICATIONS OF THE MELBOURNE NUCLEAR MICROPROBE TO THE
ANALYSIS OF SINGLE CRYSTAL MATERIALS

D. N. Jamieson

Microanalylical Researcii Centre, School of Physics, University of Melbourne,
Parkville, 3052, Australia.

1. INTRODUCTION.

The Nuclear Microprobe has established itself as a versatile analytical instrument for probing
the crystal structure and composition of samples as small as a few tens of microns in size. The
main analytical techniques utilised by a Nuclear Microprobe are Proton Induced X-ray Emission
(PIXE), Rutherford (and non Rutherford) Backscattering Spectrometry (BS) and Channeling
Contrast Microscopy (CCM). Nuclear Microprobe applications for these techniques before 1990
have been reviewed in papers presented at the Second International Conference on Nuclear
Microprobe Technology and Applications, held in Melbourne in February 1990 [1]. The purpose
of (he present paper is to describe some recent results obtained with the Melbourne Nuclear
Microprobe.

Part of this work has involved the careful study of the effect of the intense microprobe irradiation
in the crystal structure. Although considerable attention has already been paid to this important
problem [2], much of the data is inconsistent [3]. Recent work has clarified the situation and
shown that swelling is an important and previously largely unrecognised cause of dechanneling
for small scans [4]. Dechanneling from point defects plays a lesser role, however this can be
significant away from the swollen regions, so steps have been taken to model the process [5]. In
general, it is possible to obtain useful results without introducing significant damage into the
crystals.

2. APPLICATIONS.

2.1 Optoelectronic Material Hg(i_.r)CdxTe.

An important material to the expanding field of optoelectronics is Hg(]_rjCdxTe which has
a band-gap in the 2 4 fim (IR) window of optical fibres. It is important to be able to grow
high quality layers on GaAs substrates so that devices fabricated in the layers have uniform
characteristics.
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Figure 1: CCM images of hillocks in HgCdTe (left), buried linear defects (centre) and channeling
UBS spectra from the features shown in the maps. The images cover 100x100 fim2 square.

Hg(l_1)CdxTe grown by Metal Organic Chemical Vapour Deposition (MOCVD) commonly dis-
plays faceted growth hillocks which appear to arise at the interface between the substrate and
the layer. For specimens produced at the Telecom Australia Research Laboratories [6] these
growth defects have an areal density of 20-1000 defects/mm2 and have bases that are nominally
20 fim across.
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CCM images showed very little contrast, between the hillocks and the surrounding material, see
figure 1. Contrast was only evident when the energy window used to make the CCM image
was placed over the signal corresponding to the interface between the HgCdTe and the GaAs
substrate, showing that the hillocks were about 5% thicker than the the surrounding material,
which can also be seen in the RBS spectra from these features, figure l(right).

Additional growth defects were also discovered in the HgCdTe layers. These consisted of an
array of linear poor channeling regions, an example of which is shown in figure l(centre). These
regions, which possibly nucleated from scratches in the GaAs substrate, consist of very poor
crystal which would not perform satisfactorily if fabricated into a device. These linear regions
of poor crystal were not evident from visual observation of the specimens with a microscope.

2.2 An in Pyrite Ores.

The elements co localised with Au in Au bearing ores provide useful information about the
origin of the ores, along with important clues that may be used to improve extraction methods.
It is of particular interest to know if the Au is actually chemically bound up in the pyrite lattice,
or simply present as .submicroscopic inclusions.
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Figure 2: PIXE image of a typical 250 /iin wide pentagonal pyrite crystal from the Fe Ka x-ray
line (left) and the corresponding PIXE spectrum (right). The image covers a region 500x500

fj,m~ square.

A PIXE image of a pentagonal pyrite crystal is shown in figure 2. Using this image as a guide, x-
ray spectra were extracted from the centre and edge of the crystal. No variation in composition
was observed. However spectra from other crystals that had been sectioned revealed that the
crystals have a Au rich rim. This provides useful information about the genesis of the ore.

2.3 High Temperature Superconductor Y[Ha2Cti3O7-,5

The oxygen composition and trace element composition of the high temperature superconductor
YiBa2Cu3O7_i, is of importance for determining the properties of the material. Measurement
of the oxygen content can be difficult, however it may be possible to get accurate results by
exploiting the very largo nuclear elastic cross section for the scattering of protons. Consequently,
measurements are under way of the (p,p) elastic croas section of natural O, as well as natural
C, N and other elements [7].

An example of a proton backscattering spectrum is shown in figure 3 where a polycrystalline
specimen has been analysed with a 3 MeV H+ beam. A fit, making use of empirical cross sections,
reveals the composition to be Y, Bat 8 Cu 3 . i0 8 , although accuracy was impaired because the cross
section for the precise detector geometry was not available. This will be corrected with future
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Figure 3: Elastic scattering image (left) and the corresponding BS spectrum (right) of a high
temperature superconductor specimen. The image covers a region 2x2 mm2 square. The data
have been fitted with a theoretical curve.

future measurements. Further work on these samples is directed to an investigation of the
composition of grain boundaries.

2.4 Other Materials.

Other projects being carried out with the Melbourne Microprobe include the use of focused
proton beams for micromachining of plastics to produce high aspect ratio structures [8] and
studies of laser annealed ion implanted diamonds.
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Detection of Carbon in MOCVD grown MCT by NRA

P.N. Johnston1, S.P. Russo1, R.G. Elliman1, D.D. Cohen2, N. Dytlewski2, G.N. Pain3

l)Department of Applied Physics and Microelectronics and Materials Technology Centre, Royal Melbourne
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3)Telecom Australia Research Laboratories, 770 Blackburn Rd Clayton, Victoria 3168

ABSTRACT

The ingrown impurity concentration for carbon in MOCVD grown F l g ^ C ^ T e (MCT) may
have important consequences for the electrical characteristics of the material. The
concentrations for trial specimens have been determined using the nuclear reaction
l2C(3H)i4N

 V

INTRODUCTION

Carbon is an electrically active impurity in many semiconductor materials. Telecom Australia
Research Laboratories are currently investigating the Metal Organic Chemical Vapour
Deposition (MOCVD) technique for the production of Hgi xCdxTe (MCT) epilayers for
commercial applications. Part of the process involves the cracking of organometallic
compounds, in this case dimethyl cadmium Me2Cd and diethyl tellurium Et2Te, in the
presence of H~ carrier gas. The cracking liberates the metallic elements which grow the
epilayer, however incomplete cracking can result in an alkyl group still attached to the metal
during deposition

The aim of the present work is to determine whether nuclear reaction analysis can be used to
determine the carbon impurity level in the epilayer and if so, assess the level of contamination
in epilayers currently being produced.

BACKGROUND

Carbon can be analyzed by several ion beam techniques, including Rutherford Backscattering
(RBS), Partide Induced Gamma-ray Emission (PIGE), Secondary Ion Mass Spectrometry
(SIMS) and Nuclear Reaction Analysis (NRA). RBS is not suitable in this case because the
signal would be masked by signal from heavier elements. The detection limit for carbon in
semiconductors by SIMS depth profiling is approximately 1017 C/cm3, however memory
effects and knock on of any surface carbon into the semiconductor lattice due to the heavy
primary ions can give an artificially high result. PIGE does not readily allow for the
discrimination of surface carbon contamination from the bulk level. Similarly, in this case the
commonly used nuclear reaction 12C(d,p)13C does not provide the depth resolution required
to differentiate surface and bulk carbon. The nuclear reaction ^ C ^ H e . a ) 1 ^ has been used
for the determination of carbon however there is a very strong background of backscattered
3He ions that cannot be filtered effectively in this form of analysis. Cross-sections for
12C(3He,p)14N are of similar strength, and result in energetic protons which lose little energy
in the filtration that effectively eliminates backscattered •'He ions. Good depth resolution can
be achieved because the energy loss of incident 3He ions is much greater than for deuterons
mentioned above. The filtration of backscattered ions allows higher beam currents to be used
without counting difficulties. Numerous proton groups are observed associated with different
excited states in the I4N reaction product. The three most energetic proton lines, designated
Po, pj and p2, relate to final states with Q-values of 4.779, 2.467 and 0.834 MeV respectively.
The production cross-sections at 150° of these lines have similar magnitudes for 2-3 MeV
3He ions, albeit differing energy dependencies.
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EXPERIMENT

The measurements were undertaken using the 3 MV Van de Graaff accelerator at Lucas
Heights using a scattering chamber with two Silicon Surface Barrier detectors (SiSBDs) of
thickness 100 \im and 500 [im symmetrically placed at 150° to the incident 3He+ ion
direction. The detectors were partially masked by collimators of 2 mm x 8 mm to limit the
range of angles subtended at the target to 2.7°.

The surface barrier detectors where filtered by 12 \im of Mylar and 2.5 {im Al in order to stop
the backscattered 3He from reaching the SiSBDs while not reducing the energies of the
protons of interest by a large fraction. In addition, this greatly reduces the count rate in the
SiSBD allowing a higher incident ion flux on the target. Currents of up to 250 nA were used.

A number of carbon standards were analyzed for calibration purposes, ranging from thick
pure carbon to samples known to contain little or no carbon. In order to get adequate statistics
it was necessary to use integrated charges up to 1.5 mC for the MCT samples.

ANALYSIS

Analysis of the spectral data was undertaken at RMIT using a simple model of the process
that neglects straggling. The model considers the sample to consist of two layers. The first
layer is physically related to the carbon surface contamination of the specimen from various
sources including the vacuum environment, while the second layer is an (infinitely) thick slab
containing a uniform contamination of carbon.

The model considers energy loss of the incident ion (3He) to depths in a stepwise fashion. Ion
energy loss was computed from Zeigler [1]. At each depth the number of ions scattered in the
direction of the detector is calculated. The scattered intensity was computed using the cross-
sections of Kuan [2] at 159.4° for each of the p0, pj and p2 groups in the spectrum. Although
this angle is different to that used in the current work, the standard samples show the cross-
sections are similar at 150°. The cross-sections for the three proton groups are only known
down to approximately 2 MeV. Thus using incident 2.7 MeV^He ions the analysis depth in
MCT is typically 2.4\im.

The model considered each group separately. The energy of the scattered ion was determined
using the non-relativistic energy transformation from the centre frame of reference to the
laboratory frame:-

Ep = Pp2/2mp, where (1 )

Pp = %"»? PHe c o a e V
( ( ( - 2Q)) )

(mN+nip) mN mN

where m^e, p^e are the mass and momentum of the 3He ion, mp and m^ are the mass of the
proton and 14N reaction products and Ep and pp are the energy and momentum of the proton
of interest, Q is the Q value of the nuclear reaction and 6 is the scattering angle.

The energy loss of the exiting ion (p) is then calculated back to the surface of the sample and
subsequently through the detector filter. The intensity reaching the detector is convoluted
with the resolution of the SiSBD to simulate the spectrum and this is compared with the raw
data.
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RESULTS AND DISCUSSION

Figure 1 shows the proton spectrum from 12C(3He,p)14N for 2.7 MeV 3He ions. The three
major proton peaks correspond to the formation of 14N in its ground and first two excited
states (the 2.31 and 3.95 excited states). The weak peak at 2.3 MeV is from the ground state
12C(d,p)13C reaction due to residual deuterium gas in the ion source. Figure 2 shows a
simulation fit to the 12C(3He,p0)14N peak for a 2.4(xm thick Hgg5CdQ5Te layer on GaAs.
The analysis gave results of approximately 0.01% (by mass) carbon in the sampled MCT
epilayers of equivalent thickness. These results give an indication of the order of magnitude
level of carbon in the MOCVD grown layers. Further calibration experiments and software
development is proceeding to increase the accuracy of these results.
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Figure I (Top Left) shows the proton spectrum from I2C(3He,p)I4N for 2.7 MeV 3He ions.
The three major proton peaks correspond lo the formation of 14N in its ground and first two
excited states. The weak peak at 2.3 MeV is from the ground state 12C(d,p)13C reaction.
Figure 2 (Top Right) shows a simulation fit to the 12C(3He,p0)14N peak for a 2.4fim thick
Hgo.5Cdo.5Te layer on GaAs.
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AMS AND THE GREENHOUSE EFFECT
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R J Francey

CSIRO Division of Atmospheric Research, Aspendale VIC 3195

Extended Abstract:

The global budgets of the major atmospheric carbon species, CO2> CH4 and CO are
reviewed. Two of these, CO2 and CH4, are the major anthropogenic greenhouse
effect gases, while CO is an important CO2 precursor in the tropics and plays a key
role in the chemistry of the atmosphere. For all 3 species, considerable uncertainty
and controversy persists in the atmospheric budgets and exchange mechanisms.
Increasingly, isotopic tracers are being investigated in an effort to quantify and
characterize sources and sinks of the gases and their exchange mechanisms.

For example, for CO2, the redistribution of 14C produced in atmospheric nuclear
bomb testing in the 1960's remains the main measure of oceanic uptake of
atmospheric CO2. Atmospheric radiocarbon measurements are the main way of
distinguishing the fossil fuel contributions from natural surface net exchange
processes for all three trace gases in the lower troposphere. The redistribution of
cosmic-ray produced 14C from the stratosphere provides a valuable tracer of
atmospheric transport.

There are two general arguments for application of AMS techniques in these areas:

(a) For the less abundant species, CH4 and CO, sampling logistics become a
limiting factor for conventional techniques, particularly when adequate spatial
and temporal sampling is required. This becomes especially true for
stratospheric sampling. The small sample size requirement of AMS has
opened the way for initial surveying of the atmospheric distribution and
variation in all three species.

(b) The increasing significance of MC emitted from nuclear power plants
highlights the importance of historic samples of air, since a major uncertainty
in budgeting exercises is the specification of "equilibrium state", before major
anthropogenic disturbance. The main avenues for measurements of historic
atmospheric composition come from ice cores and archived high pressure
cylinders of air. In both cases, samples are relatively small and very valuable
and AMS techniques are necessary. The same sample size requirement
applies to very deep ice cores which, for example, can carry information on
glacial-interglacial transitions. Trace gas changes across these transitions also
impose constraints on budgeting models.
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The following examples are drawn from some specific studies which are underway:

Ice core gas 14CO2. The historic levels and variations of radiatively active
atmospheric gases are crucial inputs to the prediction of future atmospheric levels and
associated climatic and environmental impacts. CSIRO collaborates closely with the
Australian Antarctic Division (AAD) on the analysis of entrapped gases. AAD has
access to large ice volume cores for studies over the period of industrialization which
offers markedly superior time resolution than any previously used, and by far the
most recent entrapped air (overlapping direct measurement records) for CO2, CH4,
O2/N2 and isotopic reconstructions . (Amounts of 20 kg of ice per annum are
available over recent decades, providing about 1 mg CO2 from bubbles). This is likely
to be the first ice core capable of resolving the atmospheric I4C spike (due to the
1960's atmospheric bomb testing) in entrapped air. I4C measurements in both ice and
entrapped air are necessary to confirm theoretical predictions of air enclosure.
(Independent isotopic measurements are required at the time of drilling to quantify
diffusion and gravitational fractionation effects, and this is planned for 1992/3 in
collaboration with CNRS, France).

Apart from a study of the mechanism of bubble formation, 14C measurements will be
required from time to time to confirm dating of older cores (e.g. DSS to be drilled to
1200m corresponding to the end of the last glacial period, in 1991/92, and future
/deeper drillings planned in the mid-1990's), and may be of importance in the study of
periods of possible I4C anomalies, eg the Younger Dryas.

Atmospheric 14CO2 Variations: CSIRO stores a unique set of archived Cape Grim
air and CO2 samples spanning the last 15 years. All samples have been collected with
detailed information on air mass trajectory and trace gas composition. 14C in these
samples should provide a valuable constraint on global carbon budget models. The
amounts of gas involved require AMS for 14C assay. There are at least two reasons
for measurement;

(1) there are large (up to 20 %o) unresolved and time varying differences between
two laboratories who have conducted conventional 14C monitoring at Cape
Grim;

(2) the conventional data suggest seasonal and inter-annual variability which, if
real, is not easily acccmodated by existing models.

High precision AMS analysis of the archived samples on one instrument and using
one reference standard is a direct way of confirming/quantifying these effects.

Carbon Storage by Terrestrial Biota: Over the last 12 months a major uncertainty
has arisen in the global carbon budget. Central to the controversy is the question of
carbon storage via land plants, including standing biomass, litter and soil carbon.
There is an requirement to better quantifying the carbon residence time in the
terrestrial carbon pool, which will almost certainly involve 14C measurement, possibly
by AMS in some cases.
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Australian Sources of Methane: Methane is a major greenhouse gas, however the
mechanisms controlling observed atmospheric increases are poorly understood, 14C
measurements distinguish CH4 of bacterial origin from combustion products, and, in
parallel with stable isotope information can greatly assist source identification.
CSIRO is involved in a preliminary identification of Australian CH4 sources,
contributing to similar studies being implemented world wide. The sensitivity of
AMS means that 14C measurement can be made on manageable size air collection
(about 500 L STP).

Carbon Monoxide: The main removal mechanism for both atmospheric methane
and carbon monoxide involve the hydroxyl radical, although the sources are quite
different. Since CO is substantially influenced by human activity, it exerts an
important indirect influence on the greenhouse effect. 14CO promises to be a very
useful natural tracer, providing insight into the oxidative properties of the atmosphere
including the spatial and temporal distributions, as well as atmospheric transport.
This arises from the fact that a major source of atmospheric 14CO (80%) is the
oxidation of cosmic ray produced carbon in the stratosphere; the remainder comes
mainly from biomass burning and oxidation of hydrocarbons. Thus atmospheric CO
is heavily isotopically labelled. International efforts to establish monitoring of
atmospheric CO and its isotopes are just beginning.
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AMS AT THE UNIVERSITY OF PENNSYLVANIA FN TANDEM :

HIGHLIGHTS AND REVIEW.

D. Fink §, R. Middleton * andJ. Klein *

§ Appl. Nuclear Physics, ANSTO, PMB 1, Menai 2234, Australia

* Department of Physics, Univ. of Pennsylvania, Philadelphia, PA, 19104, USA.

Introduction

The AMS facility at the University of Pennsylvania (Penn) has been active for close on
a decade and commands a leading role in the AMS community. The FN tandem, upgraded
with Dowlish tubes and a pelletron charging system to 11 MV in 1986, supports both con-
ventional nuclear reaction and structure physics research, while AMS is allocated a healthy
25% share of beam-time. However unlike at most shared tandem laboratories, the AMS
group from its onset, became an integral and well-respected partner in Tandem operations
— a fact which has enabled many innovative AMS techniques to be investigated and
developed in parallel with a routine sample measurement schedule. At present, about 1000
10Be, 500 26A1 and 100 41Ca samples are analyzed per year. In addition, experiments with
3H, 14C, 36C1 and 59Ni have been made. Advances in ion-source technology and improve-
ments in negative ion yields are continually carried out on an ion-source test rig. The high
intensity cesium sputter source, commonly in use at nearly all AMS centers, was developed
by Middleton at Penn. A prototype CO2 gas source [1] for 14C AMS work was designed and
tested in 1989. Its potential to eliminate contemporay 14C contamination which plagues the
graphitization process for solid sample sources was demonstrated, pushing back the 14C
background age from 45 kys to -70 kys.

Applications of 10Be and 26A1

Both the 10Be [2] ('"Be/^Be sensitivity - 3xlO~15; reproducibility 2-3%) and 26A1 pro-
grams [3] (26A1/27A1 ~5xl0~15; 3-5%) incorporate an impressive spectrum of terrestrial
samples (tektites, cosmic spherules, volcanic magmas, soils, sediments, deap-sea nodules,
ice-cores, quartz grains, rains, desert glasses) as well as extra-terrestrial samples (iron,
stone, lunar and Antarctic meteorites, lunar soils, rocks and cores, impact crater ejecta).

A number of collaborators (-10 institutions, -15 researchers) are involved in co-
ordinating the wide diversity of research applications based on the 10Be (Tvs=1.5 My) and
26Al (Ti,4=0.71 My) AMS measurements at Penn. Earth science applications employ the
above cosmogenic radionuclides as tracers of geochemical and geological processes and/or
as geochronometers of past events commensurate with their respective half-lives. For exam-
ple, measurement of 26Al/10Be ratios produced in-situ in quartz grains of surface rocks as
they lie exposed on the Earth's surface, leads to a quantitative assessment of effective
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exposure times (in the range KP-IO6 years) for morraine deposits, ancient lava flows, gla-
cially polished surfaces, uplifted terraces, and of their erosion/weathering rates (lO-^lO2

cm/ky). Recently the age of Meteor Crater, Arizona, was determined [4] by measuring the
exposure age of terrestrial ejecta material through the build-up of the in-situ produced
26Al/I0Be ratio. This is now being expanded to dating impact craters on the Australasian
continent. Measurement of 10Be in historic and active lava flows from island arc volcanoes
has provided information into the process of sediment subduction, magna generation and
transport at convergent margins along oceanic ridges.

Determination of cosmogenic radionuclide saturation activities and concentration
depth profiles in meteorites when compared to production rate systematics and models, can
reveal their size, irradiation history while in space and spectral shape of the incident flux. A
survey of 10Be and 26A1 contents of the ureilites showed that most originated from the sur-
face of a large parent body. The unusual 10Be and 26A1 contents of Bur Gehluai and Torino
strongly point to a multiple exposure history. The topmost layer (2-5 cm) of the lunar sur-
face, unlike ablated meteorites, maintains a clear archive of its interaction with the solar
cosmic ray (SCR) flux. By profiling 10Be and 26A1 in lunar rock 74275, an estimate of their
production rate from SCR irradiation was obtained [5]. 26A1 and 10Be measurements in
cosmic spherules (mass < 0.5 mg, radius < 2mm) found in Greenland ice and ocean sedi-
ments indicate that they were irradiated in space as very small objects for periods of upto
several 100 kys and may represent cometary debris rather than meteoritic ablation products.

AMS holds great potential for biomedical research as it presents a means of performing
radioactive tracer experiments with unequaled sensitivity at doses far below any posing a
biological hazard. As AMS requires such small sample aliquots, specific sites of interest can
be studied. Previoulsy, aluminium was deamed to be totally biologically innocuous, but
only recently has its toxicity been addressed, with specific attention to Alzheimer's disease,
renal failure and dialysis poisoning. Having no suitable isotopes for Al tracer studies using
conventional techniques, the residency time and pathways of Al in a biological system was
measured [6] with AMS by injecting measurable quantities of ^Al into a group of rats.

Applications of 41Ca

Characterized by a pure electron-capture decay mode with the emission of 3.5 keV X-
rays, the detection of 41Ca (Ty$=0.1My) in a natural sample by decay counting was rendered
impracticable before the introduction of AMS. Prior to 1987, only a handful of 41Ca analysis
were reported mostly during the course of feasibility experiments. Over the past 3 years a
concerted effort was directed at developing specific AMS tecniques and methods for reliable
and reproducible 41Ca measurements [7]. A sensitivity level of lxlO"15 has been achieved
while for samples with a 41Ca/40Ca ratio of lxlO~14, a 10% precision measurement can be
made within about an hour. At present we have completed over 200 41Ca measurements.
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Our 41Ca program was stimulated by the attractive possibility that its decay may offer
a means of dating late Pleistocene bones - a period rich in hominid evolution and inaccessi-
ble to 14C dating. 41Ca is produced primarily by thermal neutron capture on 40Ca at the
earth's surface with a saturation concentration of 41Ca/40Ca ~ 8xlO~15. To assess the feasi-
bility of a radiocalcium dating method, 6 modern bone samples from 4 different animal
species covering 4 diverse geographic regions were analyzed for their 41Ca content [8]. For
all 6, the measured 41Ca/40Ca ratio was < 7xl0~15, values similar to, but lower than, the
predicted saturation ratio for surface rock. Not only are the bone results dissapointingly
low, sitting just above the background, they all exhibit a marked variability. An improve-
ment in sensitivity by at least an order of magnitude is required to develop a viable dating
scheme and answer some major conceptual problems. Coupled with these bone samples,
several calcium-bearing rock samples were also measured for erosion and surface exposure
studies. Results here clearly show the applicability of 41Ca to quantify the weathering pro-
cess of dolomite/limestone-based regions.

A rich program of 41Ca measurements in meteorites and lunar rocks was also com-
menced [9]. Two reaction channels dominate 41Ca production in these materials - high
energy spallation by galactic cosmic rays on iron and nickel, and by thermal neutron capture
on 40Ca in bodies sufficiently large to support a thermal neutron flux. 41Ca profiles in the
stone (Ca-bearing) and metal phases of metorites were employed to estimate their pre-
atmospheric size. We used the decrease in the 36Cl/41Ca ratio measured in selected Antarc-
tic meteorites as a function of their terrestrial age to indirectly determine the half-life of
41Ca, which was till then in dispute. The measured 41Ca profile in lunar rock 74275 indi-
cated that the intensity of the SCR flux in the past may have been different from that
observed today [10].
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Introduction

The established program of Accelerator Mass Spectrometry on the ANU 14UD accelerator
has continued with emphasis on the measurement of 36C1 [1,2]. Chlorine has two stable isotopes
35C1 and 37C1 which together constitute almost 100% of environmental chloride, however the
radionuclide 36C1 is present at a level of around 1 part in 1013 and can only be readily detected by
AMS. Due to the hydrophilic nature of chlorine, and its conservation in groundwater systems,
36C1 with its half life of 301ka is an isotope well suited to hydrological studies. Projects at
the ANU exploiting the unique properties of 36C1 for groundwater tracing and dating have
been previously reported [3-5] and are continuing. These studies have been augmented by a
number of diverse applications of the AMS measurement of 36C1 to problems in environmental
geochemistry.

Presented here is a brief overview of the 36C1 component of the ANU AMS program and
descriptions of several collaborative projects for which recent results have been obtained. These
projects provide an illustration of the diverse nature of the 36C1 studies and some of the diffi-
culties encountered in applying the results obtained from ultra-sensitive isotopic measurements
to environmental problems.

Status of the 36C1 measurement program

The 36C1 measurement program has benefited from the recent injector upgrade on the
HUD accelerator as well as further refinement of the AMS system (see Fifield et al. these
proceedings). The 36C1/C1 sensitivity of the system is now 1(0.2) x 10~15, and it is now possible
to measure samples containing as little as 1 mg of chloride.

The study of 36C1 levels in Murray Basin groundwater continues [6]. Salinization and
rising groundwater levels have driven a concerted effort by hydrologists to increase the under-
standing of groundwater movement in this economically important zone. Initially a compre-
hensive study, using 36C1 as a natural tracer, was undertaken in the Murray Group limestone
aquifer in the Murray-Mallee. This study has now been extended to the Loxton-Parilla Sands
and Renmark Group aquifers in far western N.S.W.

A measurement program in the Naracoorte region of S.A has recently been completed.
This work was aimed at using the elevated level of 36C1 produced 30 years ago from near-ocean
nuclear weapons testing to provide an estimate of recent groundwater recharge. The study was
the first undertaken in the saturated zone at specific intervals from point recharge sources, such
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as naturally occurring runaway holes and drainage bores. Initial results show that interpretation
of the data is complicated by mixing between saline lateral flow (low 36Cl/Cl) and fresh recharge
(high 36C1/C1 ) and that normally the highest 36C1/C1 ratio occurs in the immediate vicinity of
the site of point recharge. However, a site 1.2 km from as extremely high throughput sink hole
recorded a 'bomb pulse' level of 36C1 and a long-term estimate of recharge may be gained in this
case. A concurrent study at Borrika (S.A) identified 'bomb pulse' 36Cl in a sandy soil diffuse
recharge zone to a depth of 9 m. This was the first ^Cl profile to find evidence of 'bomb pulse'
36Cl below the root zone in unsaturated soil. The knowledge that recent water has infiltrated
to that depth permits an estimate to be made of the modern recharge rate at that site.

The origin of 36C1 in Australian salt lakes

Chlorine-36 has proven to be a useful isotope in the study of the origin of Australia's
inland salts and brines. Conjecture exists as to whether the salt is derived from marine aerosol
transport, the leaching and weathering of sedimentary rocks, or a combination of both effects. A
measurement series aimed at resolving this, and involving 41 surface samples from the Australian
salt lakes has recently been completed. The project has concentrated on a span of salt lakes
lying on a coast to centre traverse in W.A. These samples were supplemented by measurements
from remote salt lakes across Australia. Marine salt has a 36CI/C1 ratio of < lx I0~25 with the
^Cl/Cl ratio of rainfall increasing toward the continental interior as the marine salt influence
diminishes. This study found that the surface of the salt lakes recorded a ^Cl/Cl ratio between a
quarter to one half the level found in regional rainfall. As the weathering process alone liberates
salts that are many orders of magnitude older than the half-life of ^Cl, then the ^Cl values
identify that the lake salt originates from largely meteoric sources.

Exposure age dating of geological surfaces with 36C1

The exposure of surface rocks to the cosmic ray flux results in the in situ production of
•^Cl. The isotope is produced through thermal neutron activation of 35C1, spallation reactions
on 40Ca and 39K, and, to a lesser extent, negative muon capture by ^Ca. The combination of
these processes result in the accumulation of 36C1 in a freshly exposed surface at a rate given by

where P is the surface production rate and A the decay constant for ^Cl. For subsurface
production P decreases exponentially with a characteristic depth of 50 cm. The cosmic ray
production rate for 36C1 is well known, therefore the measurement of the 36C1 content of a near
surface rock can provide a measure of its exposure age with a dating range, limited at the lower
end by the AMS 36C1 detection sensitivity, and at the upper end by approximately four half
lives.

Limestone has the highest Ca content of any common rock type and is difficult to date
by other methods such as the uranium/thorium disequilibrium technique. It was therefore
considered a rock type suitable for initiating this study. A preliminary sample from a Great
Artesian Basin (GAB) travertine deposit was investigated. This former mound spring marks
an ancient groundwater discharge point in central S.A. and the height of the limestone deposit
built up from the discharge provides a measure of the hydraulic head of the GAB water at that
time. A 36C1 measurement on a surface sample from the deposit provides the opportunity to
date the time at which the spring was abandoned and ceased to deposit CaCOj.

The chloride content of most rocks is only 10 to 100 ppm, and as the 36C1 production rate
in limestone is dependent upon the abundant Ca, the age measurement ig essentially a measure
of the 36C1 to Ca. ratio of the rock. However, the AMS technique measures the ^Cl/Cl ratio,
so the stable Cl/Ca ratio of the rock matrix must be accurately known. As a result sample
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preparation was directed towards removing non matrix bound 36C1 and Cl. This was achieved
by the sequential leaching of a ~10g sample of CaC03 to remove surficial Cl and Cl trapped
in grain boundaries. Following this, 1 mg of inactive chloride carrier was added so that a AgCl
precipitate of approximately 5 mg was obtained. The AMS measurement of this sample yielded
a 36C1/C1 ratio of 1350(50) x 10~15, and from this value we calculate a minimum age of 150
ka, however a precise age estimate must await a complete chemical analysis of the rock as the
production rate due to neutron capture by 3SC1 depends on the concentration of other neutron
absorbers, eg. boron and gadolinium, which are present in the rock. This age is also dependent
upon the erosion history of the rock, though geomorphic considerations suggest that erosion is
not important in this case.

The measurement of the 36C1 content of near-surface water in the Murray
Basin

As outlined above a major 36C1 measurement program is being conducted in the Murray
Basin. This study is dependent upon variation in the 36C1 signature to provide information
on the hydrological processes that are influencing the groundwater system [4]. A knowledge
of the 36C1 input levels to the underlying aquifer is integral to the accurate interpretation of
the 36C1 measurements. Previously the 36C1 levels in modern rainfall have been calculated
[4], and measured, with conflicting results in that the calculated values underestimated the
36C1/C1 level in rainfall collected over a 6 month period. The rainfall 36C1/C1 ratio is known
to be highly seasonal and so soil and shallow groundwater samples were sought to provide a
time-averaged, naturally-mixed 36C1/C1 input ratio. A series of measurements was made on
near-surface unsaturated pore fluid samples and water table samples from Western Victoria and
S.A. The 36C1/C1 results for these samples were within 10% of the calculated 36C1/C1 ratios at
bores in two localities but were close to 40% greater at two other measurement sites. Though
the agreement with theory for the near-surface samples is greater than the rainwater results, a
wider range of shallower groundwater sampling is being continued to refine the ^Cl input to
the regional unconfined aquifers of the Murray Basin.
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Flyash Samples - a Preliminary Investigation
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1 Introduction

Computed lomographic reconstruction techniques have been used to provide 2 and 3 dimensional
images of sample density using SIMM energy loss of ions as a contrast mode[l]. Other ion beam
techniques can also be employed and combined with toinographic reconstruction to yield further
information. The use of PIXE with tomography was first preformed by Huddelston et.a.l. [2]
at Harwell. This work was however of limited resolution and only provided 2-D images. This
paper will describe the use of PIXE tomography (PIXET) to provide 3-D images of the elemental
composition of a specimen.

2 Experimental

The sample used for this work was selected to provide high elemental contrast and sufficiently
intense x-rays to provide good statistics at each pixel where the element is present. The sample
used was a collection of flyash particles (NBS 1366 standard flyash) held in a. cya.noa.crylate
matrix. These particles vary in size from a few microns to approximatly 20 microns. The
composition of the grains varies from grain to grain but some grains have very large concentra-
tions of either of two elements (Ti or Fe).There was very little of any other element present in
the sample. Tins means we have good contrast (only two elements) and good statistics (high
concentration).

The sample-was scanned with a beam of 3MEV protons over an area, of 300 x 300 microns. The
beam resolution was 2 microns and I lie current incident on the sample was approximately 200pA.
I lie data were collected as we normally colled STIM tomography data. [3]. Twenty projections
were taken of the sample at evenly spaced angles over a. 180 degree rotation of the sample.
Kacli projection consisted of about 200,000 x-ray events. Following collection the da.la were
pre-processed so that maps of Ti, Fe and bremsstrahlung could be formed for each projection.
Each map consisted of M X 6-1 pixels.

During the reconsl i net ion we assume that the bremsstrahlung intensity is indicative of tin1

sample density. The bremsstiahliing map for each projection can tlierforc be used to perform a
"cent re-of- mass'" collection for horizontal precession of the sample between each projection ['I].
After this collection each of the (> I horizontal slices through the sample are reconstructed by
filtered back-pro je( I ion [5] of each horizontal pixel line from each projection that contributes to
that, slice. Finally the 01 slices are assembled to provide 3-D images. This process is repeated for
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the Fc , Ti and bremsstrahlung data. Figure 1 shows two projections of Fe content taken at 90
degrees to each other. Indicated on this figure are positions at which two slices were extracted.
These slices are shown in figure 2. We can present here only views from one or two directions
or single slices; but. with interactive programming, the analyst is able to view the sample from
any direction, have it slowly rotating or look at any section of the sample. The use of colour
scales can also be a great advantage in specimen visualisation.

3 The Future

PIXE has long been a prominent technique for trace element analysis. We have demonstrated
here that PIXET can be used to provide 3-D images of major elements of a specimen. To apply
PIXET to trace elements however we need to drastically increase the data collection rate so that
11 io roquirod statistics per pixel can be achieved in a reasonable time. The most direct way to
achieve this is to increase the x-ray detection efficiency.

The introduction of a. new high efficiency Si(Li) detector on the Melbourne Proton microprobe
will increase our present geometrical detection efficiency to a solid angle of almost 2 n radians.
It is hoped that this detector will be installed by the end of 1991 and will greatly enhance our
PIXE and PIXET capability.

PIXET requires new computer reconstruction codes to be developed. Unlike x-ray or STIM
tomography, PJXET has its radiation source induced inside the sample. This makes it more
akin to PET (posilron emission tomography). The added complications of changes in both
ionisation cross-section and x-ray attenuation in the sample make PIXET a unique tomographic
leconsli; ction problem. Some of the problems have already been addressed by Schofield and I,o
Fovore [(>] at the University of Oregon, but, further development is still needed.
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SIR KERR GRANT'S DESK—AN EXERCISE IN HISTORICAL ARCHAEOLOGY

J.R.Prescott. J.R.Patterson and J.Munch
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Adelaide Australia 5001

Professor Sir Kerr Grant succeeded Bragg as Elder Professor of
Physics at the University of Adelaide. He is remembered with
affection by those who knew him and as a "character" by every-
one. Among the many tales, true and apocryphal, about him was
that he kept pitchblende and/or radium in his desk. Recently
the question was raised as to whether any evidence for this
might be found in the desk. The present paper gives an ac-
count of how we went about checking this. In the context of
the present Conference, it is of interest for the range of
"traditional" techniques employed and for what we found.

Measurements with a surface contanination monitor showed evi-
dences of significant activity in two of the drawers and some
localised activity, above background, elsewhere on the desk.
The activity in the drawers was mapped and the integrated
activity from all parts of the desk estimated to be about
70kBq (2 microCi) from both alpha and beta measurements.
In situ gamma ray scintillation spectrometry showed that the
activity was consistent with either uranium ore or radium in
equilibrium with its daughters. This ambiguity is possible be-
cause of the fact that most of the gamma activity in the
uranium series comes from below radium in the decay chain.
High resolution gamma ray spectrometry favoured the latter but
was inconclusive. Either would be compatible with the sup-
posed history of the desk since several half-lives of the
longest-lived daughter of radium (Pb-210) would have elapsed
since the original acquisition of the source. Alpha spectro-
metry of a sample from within the desk showed that the acti-
vity was, in fact, radium, with traces of U-234 and (7-238.
Since the observed gamma ray spectrum is consistent with a
decay chain in quasi-equilibrium, it is inferred that the
decay products were mostly retained within the desk.

An assessment of the possible radiation hazard to those who
have subsequently sat at the desk showed that the levels were
all less than the ICRU limits (ICRP 32). The main uncertainty
is in estimating radon levels. Whole-body counts of the two
individuals most recently concerned showed no detectable
levels of uranium/radium or their daughter products.

Because of its historical associations a decision was made to
keep the desk and it has been decontaminated, with the excep-
tion of the two sections with the highest activity, which have
been set aside in storage for subsequent disposal.
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