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ION BEAM INDUCED EPITAXIAL CRYSTALLIZATION

OF AMORPHOUS SILICON

BY

R.G. Elliman1, J.S. Williams2 and W.L. Brown3

1) CSIRO Division of Chemical Physics, Victoria, Australia
2) RMIT Microelectronics Technology Centre, Melbourne, Australia

3) AT&T Bell Laboratories, Murray Hill, N.J., U.S.A.

ABSTRACT:

MeV Ne ion bombardment has been employed to promote solid phase epitaxial
growth (SPEC) of amorphous silicon layers at temperatures between 200-500°C.
For temperatures less than 400°C, growth on (100) orientated substrates is
observed to be linearly dependent on ion fluence and exhibits a thermal
activation energy of 0.24 eV. At temperatures above 400°C, growth is non-
linear with ion fluence, presumably due to competing thermally induced growth
processes. These and other results presented in this paper, support a model
for ion-beam-induced SPEC in which growth is nucleated by beam induced defects.
This nucleation step is therefore envisaged to be athermal, with subsequent
crystallization accounting for the observed activation energy of 0.24 eV. This
leads to the speculation that nucleation is the limiting step for thermally
induced epitaxy (2.7 eV activation energy), and implies that the activation
energy for nucleation in this case is 2.4 eV.

INTRODUCTION:

Thin amorphous silicon layers can be produced in the near-surface region of
a crystalline silicon substrate by ion implantation. Such layers are metastable
and recrystallize epitaxially from the underlying crystal when heated to
temperatures around 500°C [1]. The crystallization process is thermally activ-
ated, with an activation energy of around 2.7 eV [2], and exhibits a strong
dependence on substrate orientation [3,4] and on the presence of small concen-
trations of impurities [5,6]. Cyrstallization is believed to be a two stage
process, proceeding via a nucleation and a growth step. An understanding of the
process at an atomic level remains to be elucidated.

Recent investigations have demonstrated that solid phase epitaxial growth
(SPEG) of amorphous silicon layers can be induced by ion irradiation at
temperatures considerably lower than those conventionally required [7-16].
Considerable insight into SPEG has been gleened by studying this process and its
dependencies. In this paper we review our recent investigations in this area.

RESULTS AND DISCUSSION:

Amorphous silicon layers of 1000 & were prepared by cooling (100) silicon
substrates to ~ 77K and irradiating them with 50 keV Si to a fluence of
2xl014cm":1'. Samples were subsequently mounted on a heatable (T 600°C) goniometer
stage and irradiated with 600 keV - 3 MeV Ne ions at elevated temperature to
promote epitaxial crystallization. The extent of crystal growth was monitored as
a function of Ne fluence and substrate temperature using in situ Rutherford
backscattering and channelling (RBS-C) of 1.5-2.0 MeV He ions. -lF611owing ion
beam analysis, selected samples were prepared in cross-section for TEM analysis.
Further details of the experimental arrangement are given elsewhere [13-16].



GROWTH KINETICS

Typical ion channelling results are shown in figure 1 for a sample
recrystallized at 318°C by irradiation with 1.5 MeV Ne ions [5], Crystal
growth proceeds from the crystal-amorphous interface, maintaining an essentially
planar growth front as it does so. The extent of epitaxial growth is observed
to increase linearly with ion fluence, advancing ~180 8 for each irradiation of
3xl016Ne .cm~2. This corresponds to a growth "rate" of 60 8 per 1016Ne .cm"2.
Linear growth was observed in all cases for which the substrate temperature was
less than 400°C [14-16], The extent of regrowth is, however, strongly depend-
ent on the substrate temperature and ion energy [9-16]. For temperatures above
400°C, growth is found to be non-linear with ion fluence, presumably due to
competing thermally induced growth processes [14-16]. Ion channelling further
indicates than ion-beam-induced SPEC results in near-perfect crystal, with
measured X . values typically less than 5% for completely regrown layers.

Growth measurements extracted from data such as those depicted in figure 1
are summarized in figure 2. The measured regrowth is plotted for three ion
energies, 0.6, 1.5 and 3.0 MeV, as a function of 1/T for temperatures in the
range 200-500°C. A constant beam flux was employed for all measurements. The
two temperature regimes discussed above are clearly apparent in this figure.
In the regime less than 400°C, the activation energy for beam-induced SPEC is
found to be 0.24 eV, independent of ion energy [16]. This is considerably
smaller than the 2.7 eV activation energy measured for conventional thermally
induced epitaxy [2]. The contribution to growth from thermally-induced SPEC is
included in figure 2. For temperatures above 400°C, the activation energy is
not well defined due to the non-linear nature of growth in this regime. An
average value of 0.45-0.6 eV can, however, be extraced [16].
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lon-beam-induced SPEC in the low temperature regime (<400°C) has also been
found to be independent of substrate orientation and the presence of dopant
impurities [16]. This is in strong contrast to the situation observed at higher
temperatures for thermally induced epitaxy [3,5] . In this case growth on (100)
orientated substrates is 25 times faster than on (111) substrates [3]. Similarly,
the presence of dopant impurities can enhance thermally-induced SPEC by more
than * factor of 10 [5]. Models of thermally induced SPEC satisfactorily account
for the influence of substrate orientation and dopant impurities in terms of
their effect on the number of crystal nucleation sites [4,6]. This suggests,
therefore, that ion-beam-induced SPEC at temperatures less than 400°C is
controlled principally by beam induced nucleation processes.

MICROSTRUCTURE

For the conditions employed in the current experiments, ion channelling
analysis suggests, and TEM analysis confirms, that ion-beam-induced SPEC
results in near-perfect single crystal silicon [14-16]. Radiation damage is,
however, observed at the projected range of the MeV annealing ions [17] . These
features are illustrated in figure 3. Figure 3a is a TEM micrograph of an
~1000 A amorphous silicon layer, A, on (100) silicon. Figure 3b depicts RBS-C
spectra from this sample, before (open triangles) and after (closed circles)
beam-induced SPEC at 318°C with 1.5 MeV Ne ions. These spectra clearly show
the removal of the near-surface amorphous layer and the appearance of a damage
layer at around 1.6 ym. The TEM micrograph in figure 3c confirms this and
further indicates that the defect band caused by the Ne ions consists of a
dense band of extended defects, including extrinsic loops.

The planar nature of the crystallization front and quality of the regrown
crystal are features common to both ion-beam-induced and thermally-induced
epitaxy. Another interesting observation is depicted in figure 4. In this
particular example, a buried amorphous layer was produced in (100) silicon by
room temperature irradiation with 200 KeV Si ions. The sample was subsequent-
ly subjected to a rapid thermal anneal (700°C for 5 seconds) to initiate SPEC.
The ion channelling spectrum (open circles) in figure 4a, and the TEM micrograph

1/1

Fig. 3. Microstructure of
1.5 MeV Ne+ beam annealed
silicon at 318°C. a) TEM
x-section micrograph show-
ing initial amorphous
layer A of "lOOOS in the
near-surface S of (100)
silicon before beam anneal-
ing; b) Ion channelling
spectra illustrating damage,
structure before (open tri-
angles) and after (closed
circles) beam annealing.
Note deep damage D at ~1.6
pm; c) TEM micrograph
illustrating deep damage
following beam annealing
and a damage-free near-
surface region.
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Fig. 4> a) xon channelling spectra of a buried amorphous layer in (100)
silicon before (open circles) and after (open triangles) 1.5 MeV Ne+ irradi-
ation at 318°C. b) TEM X-section micro-graph before beam annealing showing
initial amorphous layer A of ~2000&, the surface S and end of range defects,
D; c) TEM X-section micrograph after beam annealing.

of figure 4b depict this situation. Epitaxial growth takes place from both the
surface, S, and bulk, but the regrown crystal contains extended defects as well
as an additional band of defects, D, located near the original deep amorphous
-crystal interface. This behaviour is typical of samples produced by room
temperature inplantation [18]. With this starting microstructure beam-induced
SPEC was performed at 318°C with 1.5 MeV Ne ions. The RBS-C spectrum (open
triangles) in figure 4a and the TEM micrograph (figure 4c) show the result.
Spanning (or hairpin) dislocations propagate during growth from the bulk inter-
face and twins and other extended defects propagate during growth from the
surface. Indeed, the microstructure arising from beam-induced SPEC on a defec-
tive seed crystal is essentially identical to that expected for thermally
induced epitaxy. Similar conclusions apply to growth on (111) oriented
substrates [16]. This indicates that the crystal growth processes are similar
for ion-beam and thermally induced SPEC, again leading to the view that it is
the nucleation processes which differ.

CRYSTALLIZATION MECHANISM

That the extent of beam-induced SPEC is dependent on the ion-beam energy
employed for annealing is evident from fiaure 2. In fact the extent of growth
is observed to increase for decreasing Ne energy for the energy range considered
in these experiments. Moreover, growth is found to scale linearly with the
energy deposited into atomic collision processes [10,11,14,16], as shown in
figure 5. This immediately suggests that atomic collision processes play a
dominant role in promoting the observed SPEC. What remains to be determined is
the mechanism by which this is occurs.

Several possible mechanisms can be envisaged for beam-induced SPEC. Among
these the most plausible are i) that point defects (vacancies or interstitials)
generated by the ion beam migrate to the crystal-amorphous interface and initiate
crystallization, and ii) that atomic collisions at the interface are directly
responsible for nucleating growth. It is instructive to estimate the migration
distances required to account for the observed growth. A lower limit can be
estimated by assuming that all vacancies (interstitials) generated by the beam
migrate to the interface and crystallize one silicon atom. Under these assum-
ptions, a migration distance of ~-30A would be required. In an attempt to
elucidate the mechanism involved we have compared SPEC for Ne ions incident
along a channeling direction in the underlying crystal with that induced by



ions incident "randomly" [14,15,16], The purpose of this experiment is to
reduce the defect generation rate in the underlying crystal to see whether
defect migration from this region has a significant role- in promoting epitaxy.
In fact, the experiment is not quite so straight forward. Dechanneling of the
Ne ions in traversing the amorphous silicon layer and the influence of recoiling
silicon atoms, are expected to reduce the magnitude of the effect to between
10-25%. The results, shown in figure 6, exhibit no dependence on channelling to
within 10%. This experiment has been repeated with a Juried amorphous silicon
layer where the magnitude of the channelling effect should be considerably
greater. Again, SPEC exhibited no dependence on channelling. We are led to+
believe therefore, that ion-beam-induced SPEC induced at 318°C by 1.5 MeV Ne
ions is a consequence os atomic collision processes at the crystal-amorphous
interface. Recent results for 300keV Ne ions suggest that SPEC may be reduced
by channelling for these lower energy ions.[19],
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CONCLUSIONS:

In conclusion, our experimental investigations have led to an understanding
of ion-beam-induced SPEC and have provided considerable insight into the atomic
processes controlling thermally-induced SPEC. In particular, our experimental
results support a model for ion-beam-induced SPEC in which crystal growth is
nucleated athermally by beam-induced defects generated at, or near, the crystal
amorphous interface. Subsequent crystallization about these sites is expected
to be similar for both ion-beam- and thermally-induced SPEC, proceeding with an
activation energy of 0.24 eV. Thus, the nucleation process for thermally-
induced SPRG is believed to account for 2.4 eV of the total 2.7 eV activation
energy. A value compabable to the Si-Si bond strength of 2.0 eV.
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ION BEAM APPLICATIONS IN SEMICONDUCTOR MATERIALS

S.T. Johnson Microelectronics Technology Centre
RMIT, 124 LaTrobe Street, Melbourne, Vic. 3001.

INTRODUCTION

The semiconductor industry relies heavily on ion-beam techniques for both the
introduction of impurities into substrates (ion implantation) and for the
analysis of the layers so formed. Ion beam techniques also play an important
role in the analysis of various thin film and surface reactions that can occur
during device processing. Table 1 details some of the important parameters
which can be assessed by ion-beam techniques.

This review will concentrate mainly on Rutherford Backscattering Spectrometry
(RBS) and ion channeling which are the most frequently used techniques for
characterising semiconductors.

PARAMETER FOR CHARACTERISATION

Ion Implantation
impurity profile
atom location
crystalline damage

Surfaces
stoichiometry .
trace elements
oxidation
surface structure

USEFUL ION BEAM TECHNIQUE

RBS, PIXE, NRA, SIMS
RBS & 1C, PIXE,
RBS & 1C

RBS, SIMS, AES
SIMS, RBS, PIXE
RBS, SIMS, AES
LEIS, RBS &~TT

Thin Films
thickness
epitaxial growth
i nterdiffusion
stoichiometry

RBS
RBS & 1C
RBS, SIMS. PIXE
RBS, "STMS", AES

RBS Rutherford Backscattering Spectrometry
1C Ion Channelli ng
PIXE Particle Induced X-ray Emission
NRA Nuclear Reaction Analysis
AES Auger Electron Spectroscopy
SIMS Secondary Ion Mass Spectroscopy
LEIS Low Energy Ion Scattering

TABLE 1

Summary of semiconductor
characterisation.

parameters and Ion Beam techniques used for their



BASIC CONCEPTS

Schematics illustrating the simple concepts of RBS & 1C for semiconductor
analysis are shown respectively in Figs. 1 and 2. MeV He+ ions are normally
used for analysis from a knowledge of energy loss of the ions within the target
and Rutherford scattering cross sectins both target composition and depth
distributions (Fig.l) can be obtained directly without recourse to standards.

A powerful adjunct to RBS is ion channeling (1C) illustrated in Fig.2. The RBS
yield drops dramatically when an ion beam is aligned with a low index
crystallographic direction (Fig.2).

Impurity atoms can also be located with respect to the host matrix atoms (e.g.
As in Si) by using channeling and the influence of crystal structure on RBS
yields.

Many reviews and texts exist on RBS & 1C techniques, e.g. [1, 2]. This paper
will illustrate some of the measurements that may be undertaken using RBS and
1C techniques.

Crystal Damage

Figures 3 and 4 illustrate the use of RBS and 1C to investigate the disruption
to the lattice of a single crystal (100) GaAs sample caused by 40 heV Ar
ions. Figure 3 illustrates the build up of an amorphous layer during room
temperature bombardment. If the Ar bombardment is undertaken at 225°C, the
formation of. an amorphous layer is inhibited and only damage in the form or
crystalline defects occurs. In both Figs. 3 and 4 a peak at high backscattered
energies is observed. This is attributable to a thin film of tin which was
deposited onto the GaAs surface prior to Ar bombardment.

Solubility

Figure 5 shows the use of RBS and 1C techniques to measure the solubility of
ion-implanted impurities in semiconductors. The spectra are for a

1 x 1015 Te implant into GaAs. After implantation the amorphous damage
created by the implant can be observed in the channeled spectrum. After
annealing at 600°C the GaAs recovers to near-perfect single crystal. In
addition, the Te atoms are predominantly occupying Ga or As lattice sites as
shown by the drop in yield from Te under channeling conditions. For this yield
decrease the soluble fraction of Te can be readily determined. Also visible on
the spectra are the scattering peaks from Si and 0 which arise from the Si02
cap used to prevent dissociation of GaAs during the annealing treatment.

Stoichiometry

Figure 6 illustrates the use of 1C to measure the surface Stoichiometry of a
GaAs sample after pulsed laser annealing. The spectrum of the virgin
channelled GaAs shows equal Ga and As surface peaks indicating equal surface
concentrations of both Ga and As. After annealing, however, the channelled
spectrum shows an excess of Ga present at the surface. This excess can be
accurately measured (as 1.6 x 1016 cm -2 in this case). The excess Ga is
caused by the vaporisation of the volitile As during the laser heating
treatment.



Conclusion

RBS and 1C are powerful techniques for the investigation of materials
properties and property changes which are of major interest in the
semiconductor industry. The simplicity of both analysis method and data
interpretation, combined with the quantitative nature and non-destructiveness
of the technique are appealing attributes.
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ION IMPLANTATION AND FRACTURE TOUGHNESS OF CERAMICS

J. Clark and J.T.A. Pollock. CSIRO Division of Chemical Physics

LHRL. Sutherland NSW 2232

INTRODUCTION. Ceramics generally lack toughness, a mechanical property
which can be understood as the capacity to resist catastrophic failure.
Tough ceramics are sought for high temperature-high strength regimes, for
example, advanced heat engines (1), where metals are unsatisfactory. Tough-
ness is largely determined by the ceramic surface where stresses likely to
cause failure are usually highest. Ion implantation is important as a tool
of both basic and applied metallurgical research (2) and has the capacity to
improve the surface fracture toughness of ceramics (3). Significantly
reduced ion size and reactivity restrictions exist compared with traditional
methods of surface toughening. We are studying the effect of ion
implantation on ceramic fracture toughness using indentation testing as the
principal tool of analysis. This paper deals with our first data and
preliminary analysis.

TOUGHNESS TESTING. Ion implantation energies in the range 50-200 keV
produce altered surface layers less than 1 micron deep. Fracture toughness
characterisation of such thicknesses is not easily achieved using bulk
methods. However, in the past decade fracture toughness characterisation
based on indentation testing has gained a large level of acceptance. The
approach involves an analysis of fracture cracks emanating from indentations
made in brittle materials (see Figure 1). Evans and Charles (4) showed that
the measured parameters £ and £ allow the fracture toughness parameter,
K , to be determined using the relationship
IC n /.

-1.5
= 0.129 ( c/ ) Eqn. 1

where: H is the hardness, E is the Youngs modulus and $ is a constraint
factor (ra3).

METHODS. Basal plane A1203 and soda glass were implanted with 50 keV Ar and
N. Implant concentration depth profiles were characterised with RBS using 2
MeV He. An assessment of swelling accompanying implantation was made by
interference fringe microscopy. Vickers indentations were used to determine
KTr, and H. Examination of the indentation-crack system was by SEM.i.0

RESULTS AND DISCUSSION. RBS data obtained with Ar implanted A1203 are shown
in Figure 2, together with BACKSCAT simulations used to estimate the Ar
atomic concentration-depth profile. Maximum Ar depths were a 200 nm at each
fluence^ith peak concentrations of 18% (5 x 10 ), 12% (2.5 x 10 ) and 8%
(1 x 10 ) occurring at a 100 nm. Similar depths are likely for the Ar
implants of glass. Nitrogen depths are expected to be about 50 nm deeper
than Ar.

A summary of the hardness (H) and fracture toughness (K_n) data
derived from the indentation testing is presented in Table 1. The interpre-
tation of these data in terms of the sample surface is complicated since
there are contributions from the bulk material and the 'altered' surface
state. Hardness data measured with implanted samples, largely represent
that of the bulk material. The loads used, 300 and 500 g, produced indenter
penetration depths of 2-3 microns, well in excess of the B0.2 micron
implant depths. Interpretation of the K data, which indicates
improved toughness under all implant conditions, is difficult. The effect
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of change in surface state might vary depending upon the crack generation
mechanism. At this time we will be content with a qualitative assessment of
the data. Nevertheless, the capacity of ion implantation to generate
surface compressive stress and alter crystal structure is known (2).

The A1203 data shows clear evidence of beneficial effects following
implantation of N and Ar. There is.little variation in K with
fluence implying saturation at < 10 ions cm" . Argon is the more
effective with a 50% improvement in KT_ recorded. The A1203 data shows
a very good correlation with Lankford's universal straight line (6) based on

c/a versus KIC$ ' H plots (see Figure 3), implying a
( U7a~ } ( W }

satisfactory application of the Evans-Charles equation (4). The data for
soda glass is less impressive. The largest improvements in Y. of * 15%
were recorded with N implants
with Lankford's plot

However the data showed poor correlation

Step heights measured with the N and Ar implantation of A1203 were in
the range 80-140 and 50-100 nm, respectively, and are included in Table 1.
The larger value measured with N probably results from the lower sputtering
capacity of that ion compared to Ar. We may assume that this linear expan-
sion has occurred over implantation depths of B 200 nm for Ar and K 250 nm
for N. If Al/1 ~ AV/V, then these steps represent swelling of approximately
40%. The effect of this volume change upon H and KT_ has not yet been
assessed. Since, at these fluences, swelling is most likely the result of
void formation, compaction and crack blunting roles may be conjectured.
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50 keV Dose (cm ) H (GPa) (Mpa/m) c/a v ep Height (nm)

A1203 Standard
1 x 10 N
2.5 x 10 N
5 x 10 N
10 Ar

2.5 x 10 Ar
'5 x 10 Ar
Soda Glass Standard
1 x 101 N
2.5 x 10 N
5 x 10|' N
1 x 10 Ar
2.5 x 10 Ar
5 x 10 l Ar

6.42+1.47
6.63+1.84
5.10+0.03
5.00+0.72
4.60+0.55
5.84+0.18
6.53+1.47
6.04+0.53
4.80+0.63
4.64+0.29
5.37+0.62
5.66+1.43
5.88±0.75
5.88+0.61

1.25±0.33
1.63±0.32
1.60±0.22
1.63+0.25
1.93±0.26
1.59±0.12
1.82±0.32
0.997±0.06
1.19±0.07
1.13±0.07
1.13±0.07
1.15±0.06
1.06±0.06
1.08+0.05

3.68±0.59
3.15±0.55
2.96±0.27
2.93±0.37
2.56±0.29
3.04+0.30
2.91±0.52
2.84+0.14
2.38±0.17
2.44±0.13
2.53±0.17
2.52±0.24
2.69±0.18
2.67±0.14

65±20
120+20
110±20
60±20
70±20
70+20

Table 1. Summary of hardness (H), fracture toughness (KTP) and swelling
data (step height) measured with A1203 and soda glass.
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RAPID THERMAL ANNEALING OF PHOSPHORUS
IMPLANTED SILICON

Y.H. Lee, A. Pogany, H.B. Harrison and J.S. Wil l iams
Microelectronics technology Centre, Royal Melbourne Institute of

Technology, Melbourne, Vic. 3000, Australia.

Rapid thermal annealing (RTA) of phosphorus-implanted silicon has
been investigated by four point probe, Van der Pauw methods and
transmission electron microscopy. The results have been compared
to furnace annealing. Experiments show that RTA, even at
temperatures as low as 60B°C, results in good electrical
properties with little remnant damage and compares favourably with
furnace annealing.

In this study RTAof low energy phosphorus-implanted (100) silicon
has been studied as a function of various implantation conditions
(dose and energy) and RTA temperatures. The RTA equipment used
consisted of two quartz-iodide lamps (400 W and 500 W ) and three
aluminium mirrors. The sample was mounted on a quartz glass
holder to improve uniformity of heating and decrease thermal
conduction loss. The samples are 0.5-3.0 ohm-cm p-type (100) Si
wafers implanted with 40 Kev and 80 Kev pt ions to doses of 1.25 x
101J, 1.25 x 1014 and 0.625 x 1015/cm2. The samples were all of
the same thickness and cut to the same size, 6 x 6 mm. The
temperature-time dependencies of the samples were measured on a
control silicon wafer of the same dimensions with a Chromel-Alumel
thermocouple bonded to it by an indium pellet contact. The
uniformity of temperature on the sample is within 10%.

Each implanted sample was cut into several smaller pieces and
those were annealed at a particular RTA temperature (605°C, 675°C,
750°C, 820°C, 900°C, 970°C, 1050°C or 1140°C). The annealing time
for all samples was 15 seconds, and one sample was kept for
furnace annealing under optimal condition (i.e. 550°C - 2 hours,
850°C - 15 minutes, 550°C - 2 hours) for comparison with those
annealed by RTA. After annealing, sheet resistance and Hall
effect measurements were performed by four-point probe and van der
Pauw methods respectively. From the results, Hall mobility

MU and average carrier concentration NS were calculated.
Transmission electron microscopy was carried out on some samples
to study defects.

The electrical results for SOKeV, 1.25 x 10 Pj/cnr are summarised
in Fig.l.
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Rather su rpr i s ing ly , the RTA temperatures as low as 605°C aave
s i m i l a r l y good electrical properties to those annealed at h i g h e r
temperatures. In addi t ion, the results of RTA under various
temperatures from 605°C to 1140°C are general ly s imi l a r to those
of the furnace anneal ing. We f i n d that sheet resistance RQ , is in
the range 1000-1500 /D , 180-230 /Q and 60-110 "/Qfor 1.25 x
1013, 1.25 x 1014 and 0.625 x 1015 P\/cm2 implan t s respectively.
Genera l ly R for the 40 Kev samples is higher than that of the
SOKev samples due to the very t h i n implanted layer. In general
h igh carrier concentration corresponds to low mobil i ty. In
addi t ion , the carr ier concentration of 1.25 x 1015 P^/cnr samples
are almost the same as those of f u l l y activated 1.25 x 1014 P|/cm2

samples. These incomplete electrical act ivi t ies of
1.25 x lO^cm samples may be at tr ibuted to exceeding 3 x 1020

carr iers /cm 3 which is n o r m a l l y taken as the m a x i m u m e q u i l i b r i u m
l i m i t for n-type dopants in s i l icon .

TEM micrographs of 80 heV implan ted samples were taken after 605°C
RTA, 1140°C RTA, and furnace a n n e a l i n g . Smal l ( IQnm or less)
loops and clusters can be seen in the 1.25 x 1013/cm2 RTA samples
and in all the .625 x 1015/cm2 samples. In the 1.25 x 1014/cm2

samples some large (40-80 nm) loops are also v i s ib le . It may be
noted that no defects as such are seen in the 1.25 x 1013/cm2

furnace annealed sample, a l though background g ranu la r i ty suggests
lack of complete c rys ta l l ine perfect ion. An example of typical
TEM results is g iven in F ig .2 .

These experimental results indicate that RTA temperatures as low
as 605°C can provide good electrical properties for phosphorus-
implanted s i l i con . This may have s ign i f i cance in h a v i n g d i f f u s i o n
of impur i t i e s d u r i n g the a n n e a l i n g process because the d i f f u s i o n
coeff ic ient of phosphorus at 600°C is about six orders of
magni tude lower than that at 1000°C, even if var ious t ransient
enhanced d i f f u s i o n effects occur for phosphorus . For
appl ica t ions , the present a n n e a l i n g techniques (RTA and/or
fu rnace ) give better results for medium doses of phosphorus
(1014/cm ) than for lower and h igher doses.

The authors would l i k e to thank K.T. Short for Ruther ford
backscattering data, R. Zammit, T. Berr igan and S. Evans for
technical assistance.
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DEPTH PROFILES OF H AND 0 IN THIN FILMS OF a-Si:H

S.H. Sie*, D.R. McKenzie+, G.B. Smith** and C.G. Ryan*
*CSIRO Division of Mineral Physics, P.O. Box 136,

North Ryde, NSW 2113, Australia
School of Physics, University of Sydney, NSW 2006 Australia

**Department of Physics, New South Wales Institute of Technology,
Sydney, NSW 2007, Australia

ABSTRACT: Detailed depth profiles of hydrogen and oxygen were measured, in
thin film samples of a-Si:H produced under varying conditions, using the
reaction 1H(19F,ay)160 in the vicinity of the resonance at E(I9F)=6.417 MeV to
profile hydrogen, and resonant elastic a scattering near the resonance at
Ea=3.0359 MeV to profile oxygen. Contrasting results reflecting the different
fabrication conditions were obtained and these were correlated with the
measured electrical properties.

INTRODUCTION The electrical and optical properties of a-Si:H films produced by
glow discharge decomposition of silane are related to the distribution of
hydrogen which terminates dangling bonds. However, hydrogen may also be
present in other forms, particularly as hydroxyls when moisture absorption
occurs, which could be detrimental to the electrical properties.

The presence of oxygen in the bulk of a semiconductor can also affect its
electrical properties, and on the surface it can affect contact properties,
which are important for device applications. Surface defects may in fact
dominate electrical properties by creating mobile carrier accumulation
layersfl]. Oxidation can be expected to be one source of oxygen, but a major
contribution could come from adsorption and absorption of moisture into
microvoids, typically found in films of semiconductor produced by vacuum
deposition techniques. The porosity of the films depends on the fabrication
conditions, and thus the hydrogen and oxygen contents may be used to diagnose
the effects of different conditions.

FILM PREPARATION Various parameters in the glow discharge deposition of a-Si:H
in the d.c. magnetron system have a considerable impact on the electrical,
optical and mechanical properties of the films[2]. In particular, significant
differences are observed between samples prepared with the substrate at anode
potential and at cathode potential (Table 1). Electrical measurements have
indicated that the surfaces play a more significant role under these
conditions, and one aim of this study was to see whether the hydrogen and
oxygen profiles could be used to distinguish between those surface effects due
to the production process and those due to subsequent adsorption.

Dark conductivity (cr̂ ) and photoconductivity (op̂ ) were measured in a gap
cell geometry. The magnitude of dark conductivity, with ô  < 10 (Q cm)
denoting minimal surface effects and ad > 10"̂  (Q cm)"1 denoting a dominance of
surface effects, influences the photoconductivity for reasons discussed by
Smith and McKenzie[3], and hence the gain in conductivity on illumination
ODh/°d' was URe^ to evaluate surface effects (table 1).

ION BEAM ANALYSIS The reaction 1H(19F,aY)160 at the 6.417 MeV fluorine
resonance (T=45keV) was used in the hydrogen profile measurements, yielding a
11 nm depth resolution in pure silicon at the surface, increasing to 27 nm at
1 urn depth[4]. The 6.13 MeV reaction y rays were detected in a pair of 7.5 cm
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Table 1 Film properties

Silane Deposition Dark Photo-
Sample Electrode pressure rate Thickness1-' conductivity conductivity

(Torr) (A) (urn) at 300 K at 300 K
ad (Q cm)"

1 aph (Q cm)"
1

A
B
C

Anode '
Anode^)

Cathode

0.0076
0.0078
0.040

1.0
5.8
26.7

0.25
0.82
1.6

~10~7

6.4xlO-10

1.2xlO~4

~5xlO~5

1.9xlO~6

5x1 0~4

500
3000

4

*• At electrical measurement points, measured with a Talystep.
' Reported in reference (3).

Fig. 1 Hydrogen profiles in

the three a-Si:H samples studied.
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Fig. 2 Oxygen profiles corresponding to the resonance yield measured on fused
quartz and the'a-Si:H samples.
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diameter x 20 cm long Nal detectors placed outside the vacuum chamber 3 cm from
the target. The close geometry helped to minimize the relative cosmic ray
background. Resonance yields were calibrated against polyethylene and mylar
targets [4).

The oxygen profile measurements employed resonant elastic a scattering at
an incident beam energy of 3.0359 MeV. The angular distribution at the
resonance is peaked towards the back angles, and consequently measurements were
carried out using a surface barrier detector at an angle of 165°. The
resonance yield was calibrated using a fused quartz target, which is assumed to
be pure Si02> confirmed by RBS. The width of the resonance (T=8.1 keV) is less
than the detector resolution of 18 keV, yielding a surface depth resolution of
39 nm, increasing to 63 nm at 1 \sm depth in pure silicon.

RESULTS AND DISCUSSION Results from samples a and B have been reported
previously[4,5]. The cathodic deposition (sample C) results in a higher bulk
hydrogen content, with some structure near the surface (fig. 1). The oxygen
profile of this sample indicates no oxygen related surface structure (fig. 2),
contrary to expectations based on the electrical properties. However, a
definite surface layer ~ 400A thick is seen in the hydrogen profile. The
excess hydrogen relative to oxygen observed for the surface region in samples B
and C (fig. 1) can not be accounted for in terms of moisture or hydrocarbon
adsorption, unlike sample A which shows evidence of water or hydroxyl
penetration[4]. The hydrogen rich surface layer may represent an incomplete
reaction zone with an excess of dangling bonds with molecular hydrogen or other
forms containing hydrogen in the microvoids. Such a zone could be expected to
extend deeper in ion bombarded samples, as in sample C. Sample B, in contrast
to both other samples, shows a surface region depleted in hydrogen.
Electrically this film is the best of those analysed here (high o"pll/ac;). The
correlation of hydrogen and oxygen is relatively constant in the vicinity of
the surface. This indicates the probable penetration of water into the film.
However the depth at which the oxygen becomes negligible is well above the
filra-substrate interface.

CONCLUSIONS Films produced anodically by the d.c. magnetron glow discharge
systems were shown previously[2,4] to have improved electrical properties at
higher deposition rates; the increased rate also improved the quality of solar
cells[6]. Analysis of anodic samples (A and B) shows that this improvement can
be associated with a decrease in porosity. Cathodic samples also have reduced
void content, however their electrical properties are dominated by surface
effects. Results of the present study suggest that these surface effects are
linked to a distinct surface layer which is hydrogen rich as a result of the
growth process under these conditions of strong ion bombardment.
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STUDIES ON RADIONUCLIDE DISTRIBUTION USING ALPHA AND FISSION TRACK ANALYSIS
D.J.Gray , W.R.Ellis , T.Wall*, and B.G.Davey
* Dept. Soil Science, University of Sydney

** Environmental Chemistry Div. and # Applied Physics Div.
Australian Atomic Energy Commission

ABSTRACT. Work supported by the United States Nuclear Regulatory Commission has
involved the study of the redistribution of radionuclides in the upper sequences
of the uranium deposits of the Alligator Rivers uranium field. Alpha and fiss-
ion track analysis were selected as techniques for investigating the physical
distribution of radionuclides, which would then be related to the mineralogy and
degree of weathering. It was observed that radionuclides were predominantly
found in veins in unweathered and partially weathered rock and were associated
with the iron oxides in the soil profile.

METHODS. The Ranger and Jabiluka ore bodies are vein deposits in which uraninite
was deposited in veins 700 to 1200 million years ago, Ewers and Ferguson (1980).
Four samples of diamond drill core were selected:

Ranger S3/114 27.2m
Ranger SI/35 13.7m
Ranger SI/146 2.0m
Jabiluka DH 3 33- Om

The core samples were made into petrological sections for study by optical
microscopy and alpha and fission track etch analysis. The alpha track etches
were carried out by exposing CR39 plastic to the thin section surface for a
predetermined time and then etching the plastic with 6.25 N NaOH at 75 C for 4
hours. The irradiations for the fission track etch were carried out in the PI
facility of Moata by clamping a muscovite sheet to the thin section surface and
then irradiating at a predetermined neutron dose. The mica replicates were then
etched in 40% hydrofluoric acid. The weight concentration of U (U ) in the host
substance is given by:

u Ap
N0.D.n.C.I.Ke

where A = atomic weight of uranium = 238.03
p = fission tracks per unit area
NQ = Avogradro's No = 6.023 X 10
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D = density of host phase
n = thermal neutron dose
C = cross section of 235U to thermal neutrons = 5.730 X 10~22

I = ratio 235U/238U in natural uranium = 7.2526 X 10~3

Ke = geometric factor X etching efficiency =11.3

RESULTS AND DICUSSION. The samples from greater than 10m depth were partially
weathered and all had similar alpha and fission track patterns. Fig 1 shows part
of the fission track pattern for S3/114. Fission track analysis is specific for
U, which can be seen to be highly localized in veins. Comparison with the
optical mineralogy showed that these veins corresponded to a yellow pleochroic
material; suggesting that the U is present predominantly as a secondary U(VI)
mineral, rather than sorbed by the other rock minerals. This was confirmed by
electron probe microanalysis to be saleeite (Gray et al., 1985). Comparison of
the fission and alpha track patterns for these three samples showed that the U
daughter products had not diffused out of the veins into the surrounding
crystalline matrix.

Alpha and fission track analysis of soil material (SI/146 2.0m) showed that
in the highly weathered zone U and its daughters have become disseminated and
retained in the iron oxide nodules. These nodules have a higher concentration of
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U and daughter products than the surrounding clay/iron oxide matrix. Elements
located inside these nodules would not be expected to be accessible to the
groundwater.

CONCLUSIONS. During weathering of the schist in these ore bodies the uraninite
is weathered to secondary U(VI) minerals and in the upper soil horinns is found
retained in iron oxides.

REFERENCE.
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APPLICATION OF A SMALL LAP COMPUTER IN SAFEGUARDS

NON DESTRUCTIVE ASSAY DATA

Applied Physics Division, Bldg 22, AAEC-RE, LHRL,
Private Mail Bag, Sutherland, N.S.W. 2232 AUSTRALIA

Data gathered as part o-f any Safeguards Inspection
needs to be processed as soon as practicable in case
supplementary measurements are required. The Kookaburra
microcomputer has been advanced as an Australian-built piece
o-f equipment suitable -for use by safeguards inspectors.
Safeguards Section of Applied Physics ' Division has been
assessing the microcomputer and will be constructing
software to fit it for the role assigned to it.

Ibi_!<QQ!<ABURRA

Safeguards Section purchased "a set of packages" "off
the shelf". The computer is built around the Intel 80186
6Mhz microprocessor. Wordprocessing , appointments diary,
smart terminal and spreadsheet capability come in a minimum
package. Additional RAM and calculation using "Basic" are
further packages. This much is readily portable and is
provided with its own batteries. Operating away from
external power is stated to be possible for periods up to
nine hours, but has not yet been checked to this limit.

Recharging requires the use of separate unit to rectify
mains voltage. Also separate, and depending on direct mains
power, is a memory expansion box with extra RAM and two disk
drives. The unit supplied had several defects which
fortunately surfaced during warranty, but unfortunately
interfered with full exploration of the capabilities of the
system.

It is planned to test the "smart terminal" capability
using the AAEC main frame and network. It is expected that
printing will be possible both directly and through the
network. Software for field use may be forced to fit into a
subset of what is available, but can be tailored to
communicate with, or report to, better endowed facilities.

To date attention has been directed to investigation of
the capabilities of the system. The extent to which "Basic"
programs can be edited using the word processor is still not
understood. Editing of the Diary feature by use of the word
processor is certainly more convenient for some quite common
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sorts of changes such as dupl icatinq a set o-f arrangements
on a. di-f-ferent date or even moving them to that date.

Following experience in timing programs written in
"Basic", it appears that for most purposes there will be no
need -for greater speed. It is likely however that
occasionally greater speed will be required. Many programs
can be analysed to show that multiple repetition of some
central sequence of instructions consumes almost all of the
time used. In such cases, if time becomes a problem, the
particular sequence should be rewritten. Whereas in "Basic"
the instructions are interpreted each time they are
executed, it is possible to "assemble" them in a form that
is executed immediately and to incorporate this sequence in
an otherwise "Basic" program.

Experience in the use of a "Kookaburra computer" for
safeguards work is reported elsewhere in this conference <R.
D. Ryan>. Considerable benefit has already been achieved
from advice based on this experience. Future co-operation is
expected to continue to produce shared advantage.
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NEUTRON COINCIDENCE COUNTING

M.G. Hines, J.W. Boldeman, K.J. Thorpe, I. Delaney, J.P. Fallen
Applied Physics Division

Australian Atomic Energy Commission, Lucas Heights Research Establishment
Private Mail Bag, Sutherland, 2232

ABSTRACT

Neutron coincidence counting (NCC) is an established technique for
the assay of plutonium waste from nuclear reactors and reprocessing
plants. There are, however, basic limitations on existing
instrumentation. This paper presents an outline of an original method
of Pu assay based on a high efficiency liquid scintillation counter.
Progress made using a recently constructed liquid scintillator is
also included.

1. INTRODUCTION

The accurate assay of the plutonium content in reactor waste products is an
important requirement in the application of effective safeguards. Current
assaying techniques use neutron coincidence counting (NCC) to detect the
neutrons associated with the spontaneous fission of 240pu> The technique is
based on the time correlation of the spontaneous fission neutrons and existing
instrumentation, notably the High Level Neutron Coincidence Counter (HLNCC), is
capable of obtaining accuracies of up to 1%1. However the accuracy of this
instrument, and of similar instruments, is determined principally by the
avaj.lability of. appropriate standards. Furthermore, standard NCC techniques
suffer from neutron multiplication within the sample. Correction procedures for
these effects require a large number of standards and are only suitable for
samples of well defined composition.

2. LIQUID SCINTILLATION NEUTRON COINCIDENCE COUNTING (LSNCC)

Initial research in the principles of NCC has been perfoiTaed using a large,
high efficiency (up to 85% for neutrons), liquid scintillation tank. In
comparison, the neutron detection efficiency of conventional He3, polyethylene
moderated systems (e.g. HLNCC), is typically 12-17%. The higher efficiency of
the LSNCC has made it possible -t-o develop a NCC technique that involves the
detection of a distribution of neutrons arising from a fission event . Because
of this, the amount of information from the measurement is increased, making it
feasible to more accurately correct for neutron multiplication^' .

Because of difficulties encountered in obtaining appropriate samples, our
investigations have so far been limited to several small 2^cf and 24'-)Pu sources.
These results are accurate to within a few percent and have illustrated the
viability of the technique. The next step in instrumentation development has
been the development of a small, portable LSNCC, to be used specifically for
safeguards purposes.

3. PROTOTYPE SLNCC

A cross section of the new liquid scintillation detector is shown in
Fig. 1. Preliminary investigations into the performance of the detector have
begun.



?T:ratron detection within the
prototype LSNCC is viewed by 2 sets
of 3 photomultiplier tubes, and a
coincidence condition is imposed to
eliminate double pulsing of the
tubes. The detector contains 70 L of
NE323, a tri-methyl benzene based
liquid scintillant containing .5%
loading of Gd by weight. Computer
calculations estimated the
efficiency of the detector to be

9 S965% for "̂ Cf spontaneous fission
neutrons. The lifetime of neutrons
in the detector was measured as
9ys, this compares with the llys
neutron lifetime of the large
liquid scintillator tank.

3.1 NEUTRON EFFICIENCY MEASUREMENTS
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Fig. 1 - Cross section of
portable LSNCC

The absolute neutron efficiency
of the liquid scintillator may be

9 "̂  9measured by use of a "̂ Cf fission
chamber. Two 30ys counting gates
are used for the measurement.
The first gate is initiated by a
spontaneous fission event, and
counts the spontaneous fission
neutrons, as well as random background events. The second gate opens IQOys
later (100ys» neutron lifetime) and contains background only. The efficiency
is simply given by the ratio of the difference between the two gates, and the
known number of neutrons emitted in the fission event [u (252Cf)=3.757]. Since
the scintillant is also sensitive to the gamma rays emitted in a spontaneous
fission event, the efficiency for the detection of this prompt gamma emission is
an important characteristic of the detector. Fig. 2 illustrates the prompt
amma efficiency as a function of the neutron efficiency, for both 252Cf and

240Pu spontaneous fission.

3.2 FISSION RATE CALCULATIONS

A fission rate calculation
for a Pu sample involves the
following general procedure:

1. The neutron efficiency for
2^2Cf spontaneous fission
neutrons is measured by the
method previously outlined.
This value is then used to
determine the neutron and
prompt gamma detection
efficiencies for 240pu
spontaneous fission.
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Fig. 2 - Prompt Y and Neutron detection efficiencies
of prototype LSNCC for 252Cf and 240Pu
spontaneous fission.

2. By reference to standard
nuclear data, the distribution of events that is seen by the scintillator
is generated.

3. A plutonium sample is counted in a similar manner to the measurement of the
neutron efficiency. However, instead of triggering off a fission event, a
random scintillator event is used to initiate the foreground gate. This
'random triggered1 distribution is then used to provide a number of fission
rate estimates.
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Fission rate measurements using the prototype detector have so far been

limited to a number of 252cf sources. These results are presented in Table 1.
The 4 fission rate estimates that are given in the table correspond to the
evaluation of the fission rate from the probabilities of obtaining 0,1,2,3
count; in the foreground/background gates. These fission rate calculations
have not yet been dead-time corrected. Since the values 'F ' have been
calculated from the probabilities of obtaining zero counts per foreground and
background gates, this value is independant of dead-time and represents the most
accurate result.

TABLE I
252

Cf Fission Rate Measurements

Independant
Evaluation

99.6±.4
128. 2±. 6
224 ± 1
1388 ± 6
1275 ± 6
1403 ± 6
1501 ± 6
(10,000+40)*

Fo

99.5
128.2
223.8
1402
1283
1413
1513
10469

Fission Rate
Fl

98.2
127.3
222.6
1414
1257
1384
1490
12518

Estimates
F2

101.9
132.0
230.2
1441
1327
1467
1550
10972

F3

100.4
125.6
216.8
1412
1294
1418
1541
10569

Average

100.0
128.3
223.8
1417
1290
1421
1528
11132

Dead Time correction is not accurate

As can be seen, the results obtained using the LSNCC are in excellent
agreement with the quoted independant values. Dead-time corrections for the
fission rate estimates are presently being investigated, and work is in progress
to determine the suitability of the detector for Pu assay.
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CO-NO GO MONITORS

P BAXTER, J W BOLDEMAN, I DELANEY

Australian Atomic Energy Commission

Lucas Heights Research Laboratories

Abstract

The IAEA have discussed the need for an NDA instrument to varify that UFg
production is within the range of declared enrichment at gas centrifuge
plants.
The instrument must be capable of making a go-nogo decision on whether the
enrichment is greater than or less than 20%. It must also be capable of
being used during a limited frequency unanounced access (L.F.U.A.)
inspection of cascade areas.

1. Introduction

The Go-No Go detector presently being developed uses X-ray spectroscopy to
determine the enrichment of the UFo gas in the pipework based on the number
of the 185.72 KeV y rays emitted from the gas.
This measurement is greatly complicated by deposits of Uranium and its
daughter products on the walls of the pipework. The y rays emitted by the
deposit can be up to 10 times the number emitted by the gas at normal
operating pressure and enrichment.

Two methods are available to distinguish betweerujuhe counts that come from
the gas and the wall. A two geometry technique being developed by the U.S.
and one comparing the ratios of either the 84/63 KeV y rays from the
Thorium daughter products of 23!jU and 23UU respectively or the 186/63 KeV
y rays from 23SU and the 238U daughter product.
The latter method being developed by the U.K. Both systems rely on a
further measurement using X-ray Fluorescence to determine the total gas
contribution to the count.

The equipment being developed at AAEC is designed to be able to use either
measurement system. Initial evaluation will be carried out using the two
geometry technique.

2. Equipment

A high Purity Germanium Detector is used to measure both the gamma and
x-rays emitted from the deposits and the gas. The x-ray fluorescence

C *7

measurements are carried out using a highly collimated • Co source (Fig I)
to excite characteristic U x-rays. These signals are collected on a
Multichannel Analyser from which the relative energy count rates can be
measured.
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Detector

Manifold

Lead Shielding

3. Measurement Principle

Enrichment is the ration of 23bU/ total uranium content of the gas. A
measurement of the 235U content of the gas can be made using a two geometry
method. One measurement using a wide angle collimator the other using a
narrow angle collimator.

The 2J1>U wide angle collimator signal Uw is a linear combination of the
Gas single "C" plus the Deposit signal "D".

Eql.

235

Uw = G + D

The U narrow angle collimator signal Un is a linear combination of Gas
signal "G" plus Deposit signal "D".

Eq2. UH = G + . D
N a b

The constants a and b depend on collima'tor geometry. The narrow angle
collimator signal is less than the wide angle collimator signal.

Solving Eq 1 & 2 for "G" the gas contribution we get.

Eq3. G - bVUN
b-a

The constants a and b need only be determined for each detector and facility.

Having obtained a measure of the 235U content, the total Uranium content of
the gas is determined by using the X ray fluorescence count rate. The X-ray
fluorescence count rate is propertional to the total Uranium content of the
gas for a given source strength. This measurement is taken concurrently
with the narrow col]imation measurement as the same detector geomitry is
used for both. As can be seen in Fig 1 the only U X-rays seen by the
detector are those in the shaded area, thus eliminating any counts from the
wall.

4. Experimentation

The equipment is installed on the experimental gas centrifuge cascade in
,Nuclear Technology Division. An aluminium manifold section comparable in
size to pipes in overseas cascades was installed in the product line.

When the cascade is operating valuable information on in site performance
will be obtained.
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Development work on the Go-NoGo detector will continue in a laboratory
situation after the cascade is shut down. This work will involve closed
loop experiments to investigate the most viable method of detection given
the low gas pressures and large deposits that will be encounted.
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CURRENT STUDIES OF BIOLOGICAL MATERIALS USING

INSTRUMENTAL AND RADIOCHEMICAL NEUTRON ACTIVATION ANALYSIS

John J. Fardy, Gordon D. McOrist, Yvonne J. Farrar,

C3IRO Division of Energy Chemistry, Lucas Heights Research

Laboratories, Private Mail Bag 7, Sutherland, NSW, 2232 Australia

ABSTRACT

Instrumental neutron activation analysis still remains the preferred option
when analysing the trace element distribution in a wide range of materials by
neutron activation analysis. However, when lower limits of detection are
required or major interferences reduce the effectiveness of this technique,
radiochemical neutron activation analysis is applied. This paper examines the
current use of both methods and the development of rapid radiochemical
techniques for analysis of the biological materials, hair, cow's mil, human's
milk, milk powder, blood and blood serum.

INTRODUCTION

The use of neutron activation analysis (NAA) for trace element analysis in
a wide range of materials is still increasing despite strong competition from
other instrumental techniques. Within this technique, instrumental NAA (INAA)
still remains the preferred option. However, when lower limits of detection are
required or major interferences reduce the effectiveness of the technique, such
as the quantities of interfering radionuclides produced by the matrix ( Na,
P, Cl, K and Br) in many biological materials, radiochemical NAA (RNAA)

is applied. These two methods have been used recently in the radiochemical
laboratories of CSIRO Division of Energy Chemistry to analyse samples of hair,
human and cow's milk, blood and blood serum, both independently and in
collaborative research projects with universities and government departments.
In addition, rapid radiochemical separation techniques have been developed to
hasten and improve RNAA techniques. This paper briefly examines these
applications and developments.

EXPERIMENTAL

The INAA method used for trace element determination in biological
materials is similar to that used for geological materials as described
elsewhere in these proceedings (Fardy, this conference). However, when
biological samples were irradiated for longer than 24 h (hairs, 1 to 5 d) they
were encapsulated in prewashed, high purity, quartz vials. Where possible,
liquid samples were lyophilised before irradiation.

Iodine determinations involved irradiation with resonance neutrons,
epithermal neutron activation analysis (ENAA). Powdered samples (300-400 mg)
were weighed into quartz vials and heat sealed. There were individually loaded
into a cadmium box and placed in an aluminium rabbit for transport into the
pneumatic transfer facility of Moata^ There were irradiated for 15 min at an
epithermal flux of 2 x 10 n cm s and, after a decay period of 20 min,
counted for 1000 s on a 20% Ge(Li) detector. Iodine concentration measurements
were obtained via the 443 keV peak for I.
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Initial radiochemical separation procedures entailed irradiating 150 mg of
material in the X-6 of HIFAR and, after 2 h cooling, wet ashing in cone.
H2S04/HN03 and carrier solution. Elements were then separated using the
APDC/CHCLa solvent extraction method of Nakahara and co-workers . This
procedure was modified later by replacing the solvent extraction step with a
more rapid and selective technique based on the removal of metal ions by columns
of ClSjbqnded silica gel after selective complexation by a series of complexing
agents » •

RESULTS AND DISCUSSIONS

Hair analysis

Controversy still surrounds whether the trace element content of hair can
be used to characterise hair from an individual in a forensic context, or to
indicate specific nutrient requirements, certain diseases or contamination by
the environment. Part of the problem involves sampling techniques and whether
hair should be treated before analysis. Hair sampling and washing procedures
used in this laboratory closely follow the recommendations of the IAEA Advisory
Group .

Most collaborative studies have involved health monitoring of hospital
patients suffering from heavy metal poisoning or undsr medical treatment for
some disease. In a recent study of a young patient suffering from the extremely
rare disorder of intestinal enterokinase deficiency, hair and blood serum
samples were analysed by INAA to measure the selenium uptake as a result of
treatment with Baker's yeast. Samples before, during and after treatment showed
little variation with blood serum levels of 0.09 ± 0.02 Hg mL and hair
concentrations of 0.66 ± 0.03 ug g . These values fall in the normal range for
the Australian population of 0.04 - 0.13 ug mL and 0.3 - 6.4 ug g ,
respectively, measured by this laboratory.

Current joint studies with the University of Sydney involve using INAA to
measure the trace element profile of hair from a small population of Aborigines
which suffer both physical and medical problems. It is hoped that both
elemental levels and their ratios will locate the possible causes of these
problems.

Iodine in milk products

While iodine is regarded as an essential trace element, its concentrations
are usually so low (< 5 ug g ) that recorded values are scarse or dubious.
This was verified recently when a number of local laboratories participated in a
round-robin analysis of commercially available milk powders using colorimetric,
gravimetric and XRF techniques. This produced values that varied by a factor up
to four for each sample. However, iodine can be rapidly and accurately
determined in milk products by ENAA5. This technique relies on the enhanced
activation of iodine compared to the induced activity from the major intefering
elements because its value for the resonance integral is so much larger. No
loss of iodine occurs during the activation process since samples are sealed and
counted in quartz tubes.

Samples of market cow's milk were selected randomly for testing and were
lyophilised within_24 h of collection. Values for the iodine levels ranged from
0.058 to 0.12 Hg g . These compared favourably with the range ofiodine
concentrations reported for normal cow's milk8 (0.014 - 0.270 (ig g ). This
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technique was also used on lyophilised human milk samples. The concentration of
iodine for these samples fell within the reported range of 0.04 - 0.08 ug g
recorded for human milk^.

Trace elements in human milk and female blood plasma

A study of the effect of progestogen-only oral contraceptives on the
vitamin content of the breast milk and blood plasma of Australian women by the
Division of Biological and Health Sciences at Deakin University was extended to
investigating its effect on trace elements in a collaborative study with the
CSIRO Division of Energy Chemistry^>^. The design of the study also permitted
the effects of the stage of lactation and maternal diet on milk composition to
be observed. Trace element measurements involved use of both RNAA and INAA to
yield data for Fe, Cu, Zn, Mn, Se, Co, Rb and Cs.

Results of this study have shown no effect of progestogen-only
contraceptives^on the milk or plasma concentrations of any of the trace element
measured. However, the mean milk and plasma Fe and Zn concentrations changed
significantly with the progression of lactation, 7-22 weeks post-partum, but
the concentration of other trace elements did not.

The nutrient intake of some of the women influenced their milk composition
more directly than others. While these effects were obvious in some women at
normal dietary intake levels, only megadoses produced measurable response in
others. The reason for these differences is still under investigation.

RNAA for biological materials

The determination of Mn, Cu and Zn in biological materials by RNAA, based
on the solvent extraction procedure of Nakahara et al.l, has been used
successfully in these laboratories. However, the procedure is time-consuming
and involves manipulations that result in unnecessary radiation exposure to the
operator. A new procedure was developed based on the rapid removal of these
metals ions by columns of Cm-bonded silica gel after selective complexation by
8-quinolinol (oxine), ammonium pyrrolidinedithiocarbamate (APDC) or cupferron
(CUP)̂ . Recent investigations have extended this system to include other
chelates, l-(2-pyridylazo)-2-naphthol (PAN), l-(2'-thiazolylazo)-2-naphthol
(TAN), 4-(2-pyridylazo) resorcinol (PAR), diethylammonium diethyldithiocarbamate
(DDDC), potassium ethyl xanthate (PEX), acetylacetone (AcAc) or
thenoyltrifluoroacetone (TTA) solutions and to other metal ions of interest, As,
Se and Mo. Each system was evaluated on the extent of metal ion removal by
columns of Cis-bonded silica gel as a function of sulphate concentration and pH.

Results for the removal of As(III), As(V) and Mo(VI) in the presence of
oxine, APDC or CUP showed that only Mo was quantitatively removed over a limited
pH'range in all chelate systems (2-6.5/oxine; 1-5/APDC; 1-3/CUP). Changing the
sulphate concentration had little influence. As(III) was quantitatively
retained in sulphate solutions of oxine and CUP but was fully removed by
columns from APDC solutions below pH of 7. Partial removal of As(V) occurred
only in the APDC system.

The use of the azo complexing agents PAN and TAN was marred generally by
the low solubility of these reagents and their metal chelates in sulphate
solutions (0-18 - 1.44 M). Surprisingly, PAR, the resorcinol derivitive of PAN,
was more effective as a separation medium despite its increased water solubility
and that of the metal complexes.



35

Two additional sulphur donors, DDDC and PEX, were tested as chelating
agents for Mn, Zn and Cu removal and showed similar results in low sulphate
media. Cu was removed over the complete pH range 1-9, and Zn and Mn at pH
values greater than 7 and 9.5, respectively. At higher sulphate concentrations,
poor removal of all ions was observed from the PEX system. For the DDDC system,
Mn behaved poorly, Zn was separated quantitatively over a reduced pH range but
the behaviour of Cu was unchanged.

Both Cu and Zn were quantitatively separated on GIB columns over a limited
pH range from either of the diketones, AcAc or TTA. However, only the TTA
system was suitable for the complete recovery of Mn.

Recent observations of the role of Se in human and animal systems have
renewed efforts in understanding the bioscience of this element and the need for
accurate and precise method of analysis. Fast instrumental measurements of this
element can be done via Se (t = 17.5 s). While its detection is
sometimes subject to interferences, its short half-life precludes the use of
radiochemical separations. Pre-irradiation separations via the CIS-column have
been examined. An investigation of the removal of Se as chelates of APDC, DDDC
or PEX showed total removal was achieved in all systems above pH of 3.0.
Although the APDC effectively removed Se in more acid solutions, these
experiments were marred by the heavy precipitation of the reagent. Further
investigations in the PEX system showed that Se was quantitatively removed from
1.44 M H2S04 if solutions were recycled through Cis-columns with further
addition of PEX between each cycle.
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X-RAY REFLECTION ANALYSIS TECHNIQUES USING PIXE FACILITIES

Murray Scott

CSIRO Division of Chemical Physics

X-ray reflection has been investigated elsewhere as a surface analytical
technique offering multi element density measurements for films up to "10
wavelengths thick. Using a conventional X-ray diffractometer with a Cu tube at
U.15 nm (Cocks 1985), typical critical external reflection angles 6C <1° were
obtained, for which sample alignment is difficult. 9C and the elemental
resolution d6c/dZ increase with X, so the technique has much improved prospects
at longer wavelengths. v

Wavelengths up to 0.8 nm, corresponding to the Al k« line are routinely
accommodated in existing PIXE analysis facilities as installed on the 3 MV
accelerator at Lucas Heights. For this wavelength the critical angle for
reflection from glass is -2° - X-rays of longer wavelengths can easily be
generated but are strongly adsorbed in the SiLi detector window.

An exploratory measurement of reflection from glass surfaces was made using
a simple angular scan geometry which avoids the need for a theta/2*theta
mechanism, see Figure 1. A target foil thinner than the MeV proton range was
mounted parallel to and about 1 mm proud of the sample surface. X-rays from the
underside of this foil were reflected by the polished sample surface into a SiLi
energy dispersive detector. Translation of the foil/sample assembly parallel to
the rotation axis exposed different areas of the foil to the proton beam
allowing measurement of reflections from various adjacent samples. A goniometer
stage bearing the source foil/sample assembly was rotated about the 6 axis
normal to the beam/detector plane, to measure the reflected yield in the
vicinity of the critical angle.

beamspot X-ray source
at centre of rotation

/ "reflecting sample
* reflected image target

Figure 1.

Arrangement of X-ray producing foil, reflecting sample and detector,
(angles exaggerated xalO for clarity)
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Figure 2 shows the observed reflected yield variation in the Al k<x peak for
successive counts over 30 nCoulombs of 2 MeV protons vs. 9. Other features in
the response curve can be related to the geometry of Figure 1. Unfortunately
the reflecting sample was too short to cover reflection angles less than 1.5° so
only the tail of the reflection curve is shown.
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Figure 2.

Angular variation of Al ka X-ray yield reflected from Glass.

a) Source eclipsed by target
b) Source visible to detector
c) Neither source nor image visible
d) Reflected image visible to detector
e) Reflection cut-off

Although demonstrating a useful configuration, the apparatus is so far
unsatisfactory for surface analysis because of variations of yield with the
position of the proton beam spot on the source foil. This is presumably due to
waviness and possibly thickness variation in the foil, in this case simply
kitchen alfoil. Other sample/emitter configurations could avoid this problem.
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Refraction of PIXE X-rays

Another apparent possibility for exploiting X-ray refractive index effects
would use PIXE or electron probe induced radiation generated within the sample.
Angular variation of the near-tangential yield would be expected to exhibit a
refraction cut-off which corresponds to critical external reflection (Figure
3). Unfortunately this angular yield variation will be dominated at very
shallow exit angles by absorption in the extended exit path. Using the longest
wavelengths visible to a SiLi detector (a0.8 nm) however, the method would
appear to offer a useful adjunct to regular energy dispersive X-ray analysis for
examining depth and density profiles in shallow layers. Bremmsstrahlung as well
as line radiation could be used. In contrast to previously discussed X-ray
reflection techniques, this method requires only local surface flatness over the
area of the exciting beam spot.

critically reflected ray

vacuum n=l

sample : n < 1

Figure 3a. Figure 3b.

Geometry for expected refraction

cut-off of emerging X-rays.

Geometry for corresponding

critically reflected ray.

In a brief preliminary experiment X-rays from PIXE at 2 MeV on the same
glass samples as above. The exit angle was related to the surface tangent by
observing the high energy charged particle pulses from the Si(Li) detector,
presumed to cut-off at the surface tangent. Although a critical angle of »2°
was expected, NO corresponding refractive cut-off was observed, ie. X-rays and
charged particles appeared to be eclipsed simultaneously.

Comments are invited on the explanation for this null result.

Reference :

Cocks, F.H. and Getliffe, R
Total External X-ray Reflection : A Novel Method of Surface
Analysis. Mat. Lett. (3) 133 (1985).
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BACKSCATTERING ANALYSIS OF AuGe-Ni OHMIC CONTACTS OF n-GaAs

A.G.Nassibian, T.S.Kalkur & G.J.Sutherland,
Department of Electrical & Electronic Engineering,
University of Western Australia,
Nedlands. W.A. 6009
and
D.Cohen,
A.I.N.S.E., Lucas Heights.

AuGe-Ni is widely used for the fabrication of ohmic contacts to n-GaAs.
The alloying behaviour of evaporated AuGe-Ni alloyed by furnace and Scanning
Electron Beam (SEB), is characterised by Rutherford backscattering with
2MeV He ions.

Since the formation of alloyed AuGe-Ni contacts involves redistribution
and diffusion of five components viz. Ga, As, Ni, Ge and Au, it is difficult
to separate the corresponding yeilds due to gold, Ga As, Ni and Ge in the
spectrum. The technique used in the investigation involves assumption of
depth distribution of elements and computing the resultant spectrum. This
is then compared with the experimental spectrum to give a measure of how
good the initial guess was. Successive iteration of this procedure will
eventually give the best fit to the experimental spectrum.

The RBS spectrum of a deposited AuGe-Ni metallisation is shown in Fig.l
in which the backscattering yeild is plotted versus channel number. The
beam energy is 2.0 MeV and is obtained from 3.0 MeV Van de Graff Generator,
beam current 20 microamps, chamber pressure 6 x 10 torr and run time 200
sees. The spectrum of the sample shows a peak at channel 363 correspond-
ing to He ions scattered off from the gold atoms in the 150 A AuGe-Ni evap-
orated on the surface. At lower channel numbers, the step in the spectrum
at channel 330 corresponds to the particles scattered off from the GaAs
surface. Because of the energy loss of the particles in traversing the AuGe
-Ni layer the GaAs edge is shifted to lower channel numbers than could be
observed in the absence of AuGe-Ni layer. The theoretical spectrum is plott-
ed in the same graph by considering the uniform distribution of Au, Ge and
Ni in a layer of thickness 150 A with atomic percentage composition 64.1,
23.7 and 12.2. The spectrum obtained by computer analysis for experimental
conditions closely fits with the experimental spectrum.

Fig 2 shows the random RBS spectrum for the sample which is subjected to
furnace alloying. The spectrum shows that the GaAs edge has shifted to high-
er channel numbers due to alloying. This indicates that AuGe-Ni layer on
the surface has been consumed. Comparison of peak heights corresponding
to gold for as deposited sample in Fig 1 and alloyed samples in Fig 2 show
that the surface concentration of gold drops from 100% to 37% during heat
treatment. Fig 3 shows the experimental spectra for alloyed samples with
metallisation thickness 150 A , 750A and 1350A . The shift in GaAs edge to-
wards higher channel numbers with increase in metallisation thickness shows
the increased outdiffusion of Ga and As for thicker metallisation layers.

The increase in penetration depth with increase in metallisation thickness
is in agreement with the prediction of Otsubo et al (2) on the basis of
their experiments on solubility of AuGe in GaAs. The increase in penetration
depth of gold might be responsible for increase in contact resistivity
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for thick metallisation layers (2,3). For metallisation thickness of 1350
, the penetration depth is greater than the typical epitaxial layer thick-

ness used for the fabrication of MESFETs of GaAs integrated circuits. There-
fore during alloying, the epitaxial layer under the contact gets damaged
resulting in a layer of high resistivity under the contact.

Fig 4 shows the RBS spectra of as deposited, furnace alloyed and SEB alloyed
contacts for metallisation thickness 150 . The figure shows that due to
SEB alloying, the sample undergoes less redistribution of gold compared
to furnace alloyed contacts. The penetration depth of gold in GaAs due to
SEB alloying is fotjfid to be 200 which is very much less than that of furn-
ace alloyed contacts. Fig 5 shows the RBS spectra of as deposited, furnace
alloyed and SEB alloyed contacts for metallisation thickness 900 . The
spectra shows negligible change in the surface concentration of gold due
to SEB alloying and the penetration depth is found to be 200 . This shows
that the penetration depth is independent of metallisation thickness for
SEB alloyed contacts.

The low penetration depth of contact constituents for SEB alloyed contacts
compared to furnace alloyed contacts makes this technique suitable for the
fabrication field effect transistors and integrated circuits. The alloy-
ing reaction is predominantly confined to the surface and epitaxial layer
gets almost undisturbed. These contacts are more reliable because of the
minimum Ga and As vacancy formation during alloying (4).
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APPLICATION OF A PORTABLE BRIEFCASE PERSONAL COMPUTER

TO RESEARCH REACTOR SAFEGUARDS

R.D.Ryan
Australian Safeguards Office,Kings Cross,Australia

ABSTRACT

The Kookaburra Portable Briefcase Personal Computer (PBPC)
has been applied to safeguards inspections at the HIFAR research
reactor.A complete portable measuring system provides for
Non-destructive assay on both fresh and spent fuel. Application
programs developed for the PBPC make it possible to immediately
analyse the results of the measurements to verify the amounts of
nuclear material declared by the operator.This contributes
significantly to meeting the essential safeguards criteria of
timely detection of diversion.Special ROM software,such as
diary, v/ord processor, spreadsheet and communications software can
also provide useful improvements in inspection procedures.

INTRODUCTION

The many PBPC's now available have powerful operating
features,close to those of the larger desk personal
computers.This paper reports progress in the application of the
Kookaburra PBPC to research reactor safeguards,extending earlier
work which relied upon a programmable calculator (1).The
particular- features of the PBPC which are of primary importance
to safeguards applications are its small size and portability
.large oapar.ity (160 kB) battery backed RAM "disk", MS-DOS
operating system and a BASIC interpreter and other special
software in plug-in ROMs.When the Kookaburra is switched on all
the necessary programs and inspection data are available in
either ROM or RAM,independent of floppy disks.A program sequence
can be initiated by pressing one button.The standard parallel
port,dual serial ports and a bus expansion port are fitted for
connection of various peripherals.

A complete portable High Resolution Gamma Ray (HRGR) system
for Non-Destructive Assay (NDA) generates the. measurement
data,which requires analysis by the PBPC.It consists of a High
Purity Germanium Detector,with a low power preamplifier,connected
to a portable MCA(PMCA).Such a system makes it possible to
readily carry out measurements,data analysis and tabulation of
.iMSHults at a number of scattered locations within a facility. The
two disadvantages of the Kookaburra are the decreased
"readability" of the low power LCD screen -a video can be
connected back in the office- and the lack of a graphics
capability.

PBPC's may also improve research reactor operations,quite
apart from safeguards inspection work(2,3).Their low cost and
"user-friendliness" could be an advantage at small reactors,for
example in developing countries. The Australian School of Nuclear
Technology and the Australian Safeguards Office are planning to
include the Kookaburra in some practical sessions of an IAEA
Regional Training Course to be held in June 1986.
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INSPECTIONS

During inspections the operator provides data regarding
nuclear material;for HIFAR this is in the form of HEU fuel
elements.Measurements are made on both the unirradiated and
irradiated fuel,the first relying upon 235 uranium gamma ray
emission , the latter upon the gammas from the various fission
products resulting from the burn-up of the uranium.

For the fresh fuel the operator data consists of weights of
235 U and total U. A standard element,kept under seal,provides a
reference with which the other elements are compared.Following
burn-up in the reactor the operator declares the irradiation
history of each element, which is later verified by measurements
of the fission product spectra and comparison of selected isotope
activity ratios with calculated values(1).The amount of data and
complexity of calculations are greater with the spent fuel.The
PBPC provides a significant improvement in this case over the
programmable calculator previously used.

BASIC_PROGRAMS

A ROM interpreter provides for the development and running
of applications programs;the 16 line,80 character LCD display is
adequate for program development,when supplemented by occasional
print out of program listings.As a program runs it displays in
clearly readable form prompt messages regarding the operations
to be performed ,data entry and the checking of the results of
the verification.

Large amounts of operator and measurement data can be
quickly entered,as strings in a "sequential" file,with the word
processor,prior to or during an inspection.This data can then be
accessed from the program as required for analysis and is also
readily available at any time for checking,revision and entry of
new data.

Two programs have now been operated during a number of
inspections.For the fresh fuel the 186 keV peak counts are
corrected for differences in contained 235 U and counting time
and checked as being within the expected range.The second program
handles the peak count data for the irradiated fuel;some ten
peaks are of interest.It corrects for the variation in detector
efficiency and absorption with gamma ray energy, and for
radioactive decay.The activity ratios of 95 Zr,106 Ru,144 Ce and
134 Cs to 137 Cs are then calculated and compared with the values
calculated from the irradiation histories supplied by the
operator.(A third program is under development to derive these
calculated values,including the contributions from the fission of
Plutonium produced from 238 U.)The differences in the two sets of
ratios are then expressed in terms of the equivalent differences
in cooling days and 235 U consumed and then checked as being
within the expected range of values.The results are accumulated
in a word processor file for continuing review during and after
the inspection.

Between measurements the HRGR spectra,which may be required
for future reference,are transferred from the PMCA and stored as
word processor files in either the ramdisk or on larger capacity
floppy disks.It is much easier to access spectra from disk than
from a large number of PMCA tape casettes.A later display of the
spectra requires the transfer of the file back to the PMCA.
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SPECIAL_SOFTWARE

The diary, software feature of the PBPC can be
useful,before,during and after an inspection,which rarely proceed
according to schedule.As a result of the various changes of plan
an ordinary written diary can often be difficult to follow when a
review is made some time after the events.With the PBPC revisions
are readily entered,with no practical limit on space. The word
processor can provide more sophisticated editing where required,
for example prior to printing.

Apart from usual type of wordp_rocessor applications, such as
the preparation of the typescript for this paper,inspection work
can be assisted by a recording,in this mode,a variety of
reference and "housekeeping" data such as

* isotope half lives,gamma line energies,branching ratios
* frequently used instrument settings
* record of measurements made
* forms listing nuclear material locations and seal numbers.
The 250 square "cell" sp_readsheet has been tested on the

preparation of accountancy records, requiring simple additions of
many lists of batches of nuclear material;while it showed the
potential of this type of software,it may be better to enter the
original data with more sophisticated software on a larger
computer. Communications or termi.najl software is available for the
ready transfer of spectrum data from the MCA to the Kookaburra.It
can also be used to transfer all types of file to other more
powerful computers,where necessary.

FUTURE J)JVELOPMENTS

This paper is in the nature of a progress report on a
continuing project.The major area for development is establishing
the most convenient method of transfer of data between the PMCA
and the Kookaburra,probably through the serial port under BASIC
program control.This will make it possible to take full advantage
of the many microprocessor controlled features,such as background
subtraction, already built in bo the PMCA.The Kookaburra could
also control the setting up of the PMCA for different types of
NDA measurements.Another area for study is the degree of need for
hard copy from a portable printer,in the field situation.In most
cases the computer storage capacity and word processor display of
data makes the paper record redundant.

The Kookaburra has been made available to the IAEA under the
Australian Bilateral Assistance Program and is being evaluated in
Vienna for possible application in international safeguards work.
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Carbon depth profiling using resonant elastic a scattering

C.G. Ryan*, S.H. Sie, *, D.R. McKenzie+ and G.B. Smithx

Non-resonant techniques, such as Rutherford back-scattering (RBS),

provide a rapid method of depth profiling heavy elements, yielding a depth

resolution essentially determined by straggling and system energy

resolution. Extension of these techniques to light elements, such as ̂ C,

0, "Si, follows the application of compound elastic a scattering,

employing broad isolated resonances. Obviating the need for time-

consuming excitation functions, non-resonant techniques permit rapid depth

profiles to be extracted.

Using a spectrum simulation technique, the broad (T = 33 keV)

elastic a scattering resonance at E = 4.26 MeV was used to obtain 12C

depth profiles of amorphous SiC:H films produced by d.c. magnetron glow

discharge in silane and methane gas. The study revealed surface structure

influenced by the conditions of manufacture, that effect the opto-

electronic properties of these films.

A collection of preliminary results will be presented, together with

a description of the technique.

* CSIRO Division of Mineral Physics and Mineralogy, P.O. Box 136,

North Ryde, NSW 2113, Australia.
+ School of Physics, University of Sydney, NSW 2006, Australia.
x Department of Physics, New South Wales Institute of. Technology,

Sydney, NSW 2007, Australia.
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An Elemental Microanalysis of Mouse Ileum Tissue

B.J. Kirby and G.J.F. Legge

Micvo Analytical Research Centre, School of Physics,
University of Melbourne, Parkville, Victoria, 3052.

Abstract:

A scanning proton microprobe has been used for a preliminary investigation
of the cellular distribution of heavy metals and other elements in mouse ileum
tissue. In order to study the cellular and elemental morphology of a villus
the spatial distributions of the yields of characteristic X-rays are compared
to a photomicrograph of the irradiated tissue and to a stained adjacent tissue
section.

Introduction:

A study of complex metabolic pathways of heavy metals and other elements
in biological systems may be made by studying the effect of genetic diseases
upon various individual sections of these pathways.

Menkes syndrome ' ̂ ' was first reported as an X-linked inherited disorder
in humans. It was later found to be linked to a general deficiency in copper,
a consequence of a genetic defect in copper absorption and retention. The
primary site of copper absorption is the small intestine and this is therefore
one of the main locations of the absorptive defect. Mottled mice suffer from
many of the same defects as sufferers of Menkes syndrome. The study of Menkes
syndrome is facilitated by studying the analogous condition in mottled mice.

Previous proton microprobe work showed the retention of copper in the
villi of the small intestine of mottled mice ^2^. This confirmed the bulk
measurements by Danks et al. ^3^. Further work is required to identify the
cells responsible for copper retention and the retention sites within these
cells. This calls for a high resolution elemental analysis of individual
villi. An elemental microanalysis of healthy mouse ileum tissue has been
carried out; and will be followed by an investigation of the distribution of
copper in mutant mouse ileum tissue.

Experimental Methods:

To minimise the diffusion of loosely bound elements within and between
cells and so preserve the in vivo elemental distributions, the ileum tissue is
fixed by rapidly freezing it in liquid nitrogen. The frozen tissue is then
cryosectioned. It is desired to cryosection at as low a temperature as
possible to contain recrystallisation of ice and to prevent the migration of
diffusible elements and compounds within the tissue section. At this stage the
cryosectioning temperature at which excellent mouse ileum tissue sections have
been obtained is -32°C. This should be improved upon when the rate of cooling
during tissue fixation is increased by the use of better cryoliquids, and
improved sectioning knives.

There is little morphological contrast within the villus of a freeze dried
ileum section. To identify cellular boundaries and organelles, serial sections
are required so that one can be stained in order to highlight cellular
structure within the villi. Two successive 4 ym thick mouse ileum tissue
cross-sections of area 0.8 x 1.1 mm2, were cut at -30°C. One was stained on a
coverslip (figure 2c), and the other was supported by a thin nylon foil (<1 urn)
stretched across a 0.75 mm hole in a hostaphan frame (figure 2a). The ice
contained in the frozen hydrated specimen was then removed with minimum
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contained in the frozen hydrated specimen was then removed with minimum
disturbance to tissue morphology, structure and elemental distribution by
freeze drying, the sample at a pressure of 5 x 10~7 Torr. After freeze drying,
the tissue section was stored in a dessicator over silica gel prior to
analysis.

In a preliminary, coarse resolution study, the tip of a villus was chosen
(figure 2b) and irradiated for 2 hours with a 100 pA beam of 3 MeV protons
focussed to a 4 ym diameter beam spot and scanned over an area of 72 x 75 ym .

Results:

The total proton induced X-ray emission energy spectrum is shown in figure
1. The characteristic X-ray peaks for each element are shown and, as expected
from previous work, there is very little Cu present in healthy ileum tissue.
(Cu is seen only at very low levels except in mottled mouse ileum tissue.) The
remaining heavy metals Fe and Zn, exhibited a uniform distribution within the
scanned tissue.

In figures 3 and 4, the spatial distributions of P and K have each been
presented in 3 different intensity plots as examples to show how data for each
element may be displayed in ways to highlight and compare variations in
elemental concentration. That is, various forms of data presentation are used
to extract morphological information from the data set. Figure 3b is an
unsmoothed dot matrix 2 dimensional map of the P X-ray data, Figure 3a is a
'3-D' intensity plot and figure 3c is a 2 dimensional contour plot. (The data
for the '3-D1 and contour plots have been gaussian smoothed to the resolution
of the beam spot i.e. 4 ]m in both x and y directions.)

The next step of this investigation will be a study of mottled mouse ileum
and jejunum tissue in collaboration with D.M. Danks of the Royal Children's
Hospital, Melbourne.

Thanks are due to M. Cerini who provided the mouse ileum tissue used in
this analysis. This work was supported in part by the A.R.G.S.
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PERFORMANCE OF A HIGH BRIGHTNESS FIELD IONIZATION ION SOURCE

G.L, Allan, J. Zhu* and G.J.F Legge,

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

and Shanghai Institute of Nuclear Research, Shanghai, China.

Abstract

A Gas Phase Field lonization Ion Source has been built specifically for
use with the University of Melbourne Proton Microprobe (̂ . The source is
extremely bright making it suitable for use with high resolution probe forming
systems. Beam current stability and emitter lifetime is greatly enhanced by
the use of Iridium field emitters, allowing for reproducible source
performance. Current output as a function of source parameters has been
measured indicating that nano amps of current are available in a beam up to 10^
times brighter than that presently used in the Melbourne probe.

1. Introduction

The spatial resolution of the Melbourne Proton Microprobe can be imporved
if a brighter ion source is used in the associated 5U Pelletron Accelerator.

The present source is a commercial radio-frequency (R.F) ion source, which
has a measured brightness of Bp = 5 Ampsrad~

2m~2v~1 at a current of 9 ya. A
value that indicates that this source is moderately bright for a medium current
proton source. An exceptionally bright [B ~ 1 x 107Ampsrad~2m~2V~1] ion
jsource, using the process of Field lonization (F.I) has been developed for use
with high resolution Scanning Transmission Ion Microscopes '̂ ) , however this
source does not provide sufficient beam to allow its use in a charged particle
accelerator. High ion currents (~1 yA) can be extracted from very bright
Electrohydrodynamic Ion sources but as the ions are extracted from a liquid
metal surface such sources are not suited to the production of proton beams.

It was decided that we would develop a gas phase F.I ion source especially
suited to the production of high ion currents, as an alternative to the R.F ion
source. The F.I ion source uses a sharply pointed (r . ~ 0.1 ym) metallic tip
placed at a high positive voltage (V ~ 20 kv) ana surrounded by hydrogen
gas. The high electric field near the"tip allows electrons to tunnel from gas
atoms to the metal, thereby producing positive ions that are accelerated away
by the electric field. The resultant ion beam is particularily bright as the
virtual source size is of the order of 1 nm.

The stability of the ion beam is dependent upon the condition of the
emitter, and the emitter can be deformed during use due to impinging neqeti/o
ions. This alters the electric field surrounding the tip, with the gene."-3i
effect that the beam current decreases with time as the emitter tip radius
increases. It was found that Tungsten tips were susceptable to reformative ion
bombardment and this limited their operational lifetime to approximately 10
hours in the present vacuum system. Ir\dium had been suggested as a resilient
emitter material '̂ ', and so a technique was developed to form Iridium
emitters.

2. Experimental Arrangement

Each Iridium emitter is formed by an electrolytical etching technique '̂ '
applied to 125 ym diameter polycrystalline Iridium wire. The emitter is then
placed opposite a grounded cathode in the ion source test bench. The system is
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pumped by a 175 ls~1 Turbo Molecular Pump, which produces a base pressure of 8
x 10"^ Torr. Ultra high purity hydrogen was used as the source gas. The
pressure within the region of the emitter can rise to 5 x 10~3 Torr, whilst
outside the differential pumping aperture a vacuum of ~3 x 10~5 Torr is
maintained. Total current is measured by an electrometer in series with the
power supply, and beam current is measured by a suitably suppressed Faraday
Cup. The beam angular distribution is measured by a scanning aperture system.

3. Results and Discussion

The use of an Iridium F.I emitter allows for reproducible source
performance. Figure 1 shows typical current-voltage charactersitics for the
source. Two distinct gradient regimes can be seen. At high fields the current
output is limited only by the gas supply to the ionization region of the tip.
This gives a reduced gradient in the characteristic curve but the current
output is less sensitive to voltage changes.

The maximum beam current attained was 21 nA at an applied voltage of
20 kV. High voltages resulted in the formation of destructive gaseous
discharges between the emitter tip and the grounded aperture. The operational
lifetime of the Iridium emitters was found to be in excess of 60 hours and
limited only by gas discharges.

Beam current output is linearly related to the gas pressure in the
vicinity of the tip (figure 2). The gas pressure is found by a gas dynamical
calculation based on gas pressures measured within the source. The source is
operated at a high gas pressure in order to maximize current output; however
pressures above 6.5 x 10~3 Torr produced gas discharges at tip voltages as low
as 15 kV.

The beam angular distribution is shown in figure 3. The asymmetry is due
to the crystallographic orientation of the emitter tip. Maximum half angle of
this distribution was 400 mrad (~23 degrees) which is consistent with
theoretical predictions (5).

The beam produced by the field ionization of hydrogen is composed
of H , H_ and H_ ions, with H+ being the dominant ion for electric fields
greater then 2.3 x 10^ Vm~^ . Using information on the spectral decomposition
of a hydrogen F.I beam (6', it is possible to calculate the brightness of the
proton component of the beam. It can be seen from figure 4 that the F.I source
is capable of producing a beam of protons that is up to 10^ brighter than that
produced by the R.F ion source currently being used in the Pelletron
Accelerator.

This work was supported in part by the A.R.G.S.
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ANALYSIS BY FIXE AND PIGME OF BIOMINERALIZED TISSUES

IN THE CHITON Clavarizona hirtosa
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Abstract

Procedures have been developed to determine, by PIXE and PIGME, the
elemental composition of small samples (ca. 1 mg) of biomineralized tissue.
The Fe, Ca and P contents of the radula of the chiton C. hirtosa increase
considerably from the early to the late stage of mineralization. However, F
is absent, indicating that at least in C. hiTtosa, Ca and P biomineral deposits
are most likely hydroxyapatite rather than fluoroapatite which has been reported
in several other species. _^__

Chitons are marine molluscs that incorporate iron into mineralized deposits
within the teeth of their tongue-like radula. These deposits, which are vised
to harden the teeth, include magnetite Fe30it and, in some species, lepidocrocite,
Y-FeOOH. Deposits of the calcium mineral francolite, a carbonate fluoroapatite,
have also been reported in some species (1-3).

Mature teeth that are worn and broken away through feeding are replaced by
the continual growth of the radula. In this way, the radula contains a series
of teeth at various stages of mineralization and hence presents for study a
sequence of biomineralization in both space (along the radula) and time.

In studies of the biological mineralization of iron, now known to be a
fairly widespread phenomenon (1, 2), important questions concerning the
composition, microarchitecture and biosynthesis remain unanswered. We h£.ve
recently initiated a multidisciplinary study of these problems, drawing on a
wide range of experimental techniques including electron microscopy, X-ray
diffraction, Fe Mossbauer spectroscopy, Fourier transform infrared spectroscopy
and protein and tissue biochemistry (4, 5). An important component of this
programme is the mapping, by quantitative elemental analysis, of the inorganic
components present in the radula leading up to and accompanying mineralization.
To achieve this, we have employed proton-induced X-ray emission (PIXE) and
y-ray emission (PIGME) which offer the multi-element sensitivity needed in these
studies (5, 6). A single chiton tooth has been analysed previously in studies
of various iron biominerals using the Oxford scanning proton microprobe, operat-
ing at 2 urn resolution (5, 7).

Materials and Methods

The radula of the chiton Clavarizana hirtosa is 1.5 - 2 cm in length with a
dry weight of 6 - 7 mg. The major biomineralized teeth (of mass ca. 15-20 yg)
form two parallel lines along the radula which consists of 60 - 70 tooth rows in
total. Radula segments corresponding to the several stages of mineralization
were prepared by dissection under the light microscope and air dried. Several
procedures for sample preparation were developed and compared. For the procedure
finally adopted, samples of ca. 1 mg were weighed, finely crushed and transferred
to a thin Mylar film as a polycrystalline powder over an area of 3-4 mm.
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Spectra were recorded on the AINSE facility using a 2.5 MeV proton beam, a
current of 2 nA and a 4 mm beam spot. Both X-rays and y-ravs were detected using
instrumentation described in detail elsewhere (8). Data analysis and curve
fitting followed procedures established previously for analysis of thick target
specimens (9).
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Results and Discussion

The x-ray energy spectrum of chiton radula segments from early stages of
mineralization is shown in Figure la and demonstrates clearly the multi-
elemental capability of FIXE analysis for such small biomineralized samples.
The elements Si, F, S, Cl, Ca, Fe and Zn were readily detected. The quanti-
tative interpretation of peak intensities, especially of some of the smaller
peaks, awaits further study. A comparable spectrum for radula segments
containing fully mature teeth is shown in Figure Ib. The high Fe content is
consistent with increased deposits of Fe^O^ kut the spectra indicate that the
Ca and P contents have also increased from those observed in earlier Stages.
These data suggest that deposition of Ca and not just of Fe occurs even at this
comparatively late stage of mineralization.

The nature of the Ca deposits was investigated further using PIGME analysis.
In other chiton species, the Ca biomineral deposits have been identified as
francolite (a carbonate fluoroapatite) with F determinations being carried out
by electron probe microanalysis (1). However, in C. hirtoza, no F was detected
by PIGME at any stage of radula mineralization. The excellent sensitivity of
PIGME for F analysis down to the ppm level (6) provides strong evidence that this
biomineral is not synthesized in this species, suggesting that F may not play
an essential role in the radula tooth structure of chitons and its presence may
simply reflect the local biogeochemical environment.

Although these spectral data represent the first step in this comprehensive
study it is already clear that PIXE and PIGME analyses can make substantial
contributions to our understanding of the processes of biomineralization.
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Abstract

A brief history of the site at Pella, Jordan is presented ,as a prelude to
an analysis of the element composition of eighty two pottery sherds.
Statistical results from this data support the achaeological evidence for
occupation during the Late Bronze and Early Iron Age.

1. INTRODUCTION

This is a preliminary study of pottery from Pella , Jordan. The aim is to
ascertain whether there were any significant changes in the quality and chemical
composition of pottery during the Late Bronze and Early Iron Age periods. The
study was undertaken by trace element analysis using PIXE/PIGME measurement of
pelleted pottery samples, followed by non parametric statistical analysis. Some
initial conclusions in support of archaeological evidence for continuous
occupation during this period are presented.

2. THE SITE

Pella ( in Arabic Fahl ) is located on the eastern side of the Jordan
Valley approximately 80 km northwest of the capital Amman and 10 km southeast of
Beth-Shean. The identification of the site is based on the similarity between
the modern and ancient names known from references in ancient texts,
topographical and archaeological evidence.

The site of Pella occupies a unique position; strategically located near
the intersections of a number of ancient roads. To the south of the mound lies
the Wadi Jirm, a small alluvial valley where there once existed the springs for
which Pella was famous [!]• Reference to Pella was made as early as the
nineteenth century BC ( The Egyptian Execration Texts ). Indeed , excavation
has revealed remains dating back to Neolithic times with occupation continuing
almost without interruption until the Medieval Period [2].

Our period of interest is the transitional Late Bronze and Early Iron Ages
( second half of the thirteenth and twelfth centuries BC). Unfortunately
however, it appears that there are no ancient tei:ts concerning Pella in the Iron
Age , and indeed none until the Hellenistic Period.
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It has been proposed by some that the absence of the name of Pella in the
ancient literary sources of the Iron Age is the result of the city being
destroyed by the Israelites, with reoccupation not occurring until Hellenistic
times. Systematic excavation however, has shown that this theory is incorrect.
There is a large body of archaeological material, particularly from the twelfth
and eleventh centuries BC, revealing that Pella was occupied during part, if not
all of the Iron Age.

There is evidence of a destruction at Pella in the early twelfth century
BC. Occupation of the site however, appears to be continuous throughout the
Late Bronze and Early Iron Age. Shape analysis of the various classes of
pottery ( cooking pots, jars, bowls ) has shown this to be the case. Many of
the Iron Age forms were derived from earlier Late Bronze Age traditions.

PIXE/PIGME analysis has been employed in an attempt to see whether it is
possible to differentiate between material of the two periods. Similarity of
chemical composition for artefacts belonging to the two different periods will
provide supporting evidence for continuous occupation during the Late Bronze and
Early Iron Age. Eighty two sherds from cooking pot vessels were analysed.

3. EXPERIMENTAL METHOD

Pieces weighing approximately 200 to 300 mg were removed from the sherds
for analysis. After the surface was removed by abrasion the samples were ground
in a tungsten carbide mill and then mixed with ruthenium spiked graphite in a
weight ratio of 10 percent graphite and 90 percent sample. Graphite was added
for two reasons: firstly to overcome problems with charging and secondly to
provide an internal standard. After mixing the samples were pressed into
pellets suitable for analysis. All measurements were made following the
procedure and facilities outlined by Duerden et al[3]. The PIGME technique
yielded results for Na, Mg, Al, F and Li. PIXE gave data for Si, K, Ca , Ti,
Mn, Fe, Cu, Zn, Ga, Rb , Sr, Y, Sr, Zr and Pb. Because of possible interference
by tungsten from the mill the results for Cu and Zn were not used. A data file
containing concentration data for the elements listed above was generated as
input to a number of statistical programs which were used to study the
provenance of the pottery sherds.

4. DISCUSSION

Principal Components Analysis (PCA) and Cluster Analysis have been used in
our study. As indicated in Figure 1 the pottery samples appear to be relatively
homogeneous. The various sub-groups which can be deduced from PCA and cluster
analysis using the Group Average method on data from Mean Character Differences
showed that there was essentially no differentiation between the pre and post
destruction phases from the site. We feel that our trace element analysis on
these pottery artefacts provide supporting evidence for the theory of continuous
occupation of the site during the Late Bronze and Early Iron Age periods. We
do, however, stress that the results presented here are preliminary.
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Abstract« Both therraoluminescence and electron spin resonance methods
of dating archaeological and geological events require the determination
of the natural radiation dose. In situ thermolurainescence dosimetry is
accepted as standard but is not practical at all sites and requires up to
twelve months' exposure. Analyses for the radioactive elements
potassium, thorium and uranium can be made by a number of analytical
techniques and comparison over several years has shown no essential
difference between XRF and NAA for thorium and DNA for uranium. Thick
source alpha counting is also used as a simple, independent laboratory
check for thorium and uranium and also as an indicator of
disequilibrium. Recently a portable gamma-ray scintillometer has been
calibrated and is proving very satisfactory for the determination of
total gamma ray dose in the field.

Introduction

The ionising radiation from naturally occurring radionuclides in soils,
sediments, etc. excites some of the electrons in the nearby minerals into the
conduction energy band of the crystals. These electrons can then transfer to
lower energy levels (usually traps due to imperfections in the crystal), and
often remain stable in these traps for long periods of time. The estimation of
the number of these trapped electrons is the basis of the thermoluminescence
(TL) and electron spin resonance (ESR) methods of dating archaeological and
geological events.

In the normal surface environment most of the ionising radiation comes
from potassium, thorium and uranium and the radioactive daughters of the latter
two. K-40, U and Th are commonly present at levels of tens of yg.g or
less. C-14, Rb-87 and Sm-147 are possible contributing radionuclides. C-14
has a short half-life and although continually produced in the atmosphere, it
is not important in most sediments. Rb-87 is present in most sediments at
about 30 yg.g , has a half-life of about 5 x 10̂  years and yields low energy
(3-radiation. Sm-147 is also present in most situations at about lyg.g , has a
half-life of about 10̂  years and yields a-particles.

Most elemental analyses for archaeological work are confined to potassium,
thorium and uranium. It is of course appreciated that the isotopes of thorium
and uranium do not contribute all the radiation associated with these elements
and gains or losses of the daughter atoms in their decay series must be taken
into account when calculating radiation dose. We have now undertaken analyses
of a fairly wide range of samples from Australia, Oceania, Thailand and China.
The present paper reviews our experience, particularly the comparison of
different methods applied to some samples. Brief reference to other techniques
is also made.
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Geochemistry

The behaviour of elements in the formation of igneous rocks and during
metamorphism on the earth's surface is controlled largely by the position of
the element in the Periodic Table and its ionic size. In igneous rocks the
larger cations, Th, U, Y and the lanthanides tend to be associated with quartz
and potassium-rich silicates in the late stages of cooling and much of the
thorium and uranium occurs in the accessory minerals, particularly allanite
(complex alumino-silicate), zircon (ZrSiÔ ), huttonite (ThSiCK) and monazite
(CePOA).

Potassium is an element of group I with a large ionic radius for a cation
and is present in certain characteristic minerals. Rubidium is also a group I
element with an ionic radius not much larger than potassium and so it is
present in many potassium minerals. In fact the ratio of K:Rb of 250:1 can be
accepted in most cases and thus the determination of potassium can usually be
considered to cover any Rb-87. Thorium and samarium can also be considered
together: they are bot' in the extended group IIIA elements and again there is
a close association in minerals. A study of the results of analysis of 25
widely varying samples showed the Th:Sm ratio to be about 5 with a correlation
coefficient of 0.94.. Again the determination of thorium should cover any
Sm-147. A further useful association is between yttrium and thorium and, as
these two elements are often determined in XRF analysis, a close correlation
adds to the confidence of the analyses.

Most of the minerals of igneous rocks that were formed at depth and at a
high temperature are not stable on the surface of the earth, particularly in
the presence of rainwater. The change, called weathering, results in the
formation of new minerals such as clays and the loss of many elements into
rivers. After several cycles of weathering even the clays are lost and only
quartz and so-called resistate minerals are left. This is the essential
mineralogy of some of our Australian sand dunes; and in coastal dunes shell
fragments of nearly pure carbonate are added. In both of these situations most
of the natural radio-activity is in the resistate minerals which are the
accessory minerals of igneous rocks such as zircon and monazite.

Methods of analysis

A. Neutron activation. The basis of neutron activation analysis is that the
sample is irradiated by neutrons in i suitable reactor, e.g. MOATA, with a
neutron flux level of 1.2 x 10̂  cm~^ s .

In the case of thorium SOOmg aliquots of the samples are exposed for 6
hours in the reactor. Th-232 after neutron capture is transformed to Th-233
which decays with a half life of 22 min. to Pa-233 which in turn has a half
life of 27 days. This latter decay emits ay -ray at 311.8 keV which is
clearly resolved in the Y ~ray spectrum of most sediments, soils, etc.
particularly after leaving the samples for 21 days after irradiation. The US
Geol. survey sample GSP-1 with 114.6 ug.g Th is used as a standard.

In the case of uranium, 7g aliquots are exposed for 1 min. and quickly
transferred to an out-of-pile shielded neutron detection system. The delayed
neutron radiation, emitted by fission products of U-235 in the sample, is
measured and compared with that emitted from 2 rag of pure uranium metal foil,
which act as a standard.

The detection limit for thorium is 0.2 yg.g and at the level of
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the precision (two sd) is ±10% and for uranium at the same level the precision
is ±20%. Element interference with the 311.8 KeV Y -ray is rare in soil and
pottery samples and for uranium the method is specific.

B. X-ray fluorescence spectrometry . As its name implies, this is a method of
analysis for most elements, based on the characteristic X-rays which are
produced when a primary X-ray beam strikes the sample. The equipment is fairly
simple, namely a sealed X-ray tube with an appropriate metal target is placed
close to the sample. The collimated secondary X-rays are analysed by a crystal
with an appropriate lattice spacing so that the characteristic X-rays from an
element can be detected at a suitable angle to satisfy the well known Bragg
equation nX = 2d sin 9 .

These secondary X-rays as well as the primary X-rays are absorped by the
sample and corrections for absorption are necessary depending on wave length
and atomic number. By making some assumptions, it can be shown that for thick
very homogenous samples p = KCA where p is the element concentration (below
0.05), C is the count rate, A the absorption of the sample and K a constant
obtained using a known concentration of an element in a sample of known mass
absorption, e.g. 0.2% Th02 in

The precision of the method cannot exceed the counting error which is
limited by the length of time available for the accumulation of counts. As
background counts are always significant, the lower limit of detection of an
element is when the counts on the line are significantly above background (say
two sd) and is calculated as 4/m — =• where Ĉ  is the background count, T is the
total counting time and m is the number of counts per second per unit
concentration of an element in the sample. Additional errors arise from the
primary X-ray beam containing contaminating lines for most elements and that
there may be spectral overlap. Fortunately most modern XRF machines are very
stable and reproducible and spectral overlap and spectral contamination can be
accurately determined using ultra pure chemicals.

Early in our programme we tried PIXE for U and Th analyses but found that
interference from other elements placed a lower limit greater than about 10
yg.g for most samples, with the energy-dispersive detection techniques used.

C. Other methods . As N.A.A. and X.R.F. are available in a limited number of
laboratories, other methods have been developed for most elements. Classical
chemical gravimetric analysis is no longer used as it is too time consuming and
inaccurate. Colorimetry and fluoriraetry are capable of very low limits of
detection and a fluorimetrical method for uranium is frequently used. For most
elements some form of flame excitation combined with optical spectrometry is
now used extensively. Basic to these methods is the solution of the sample and
this can present problems. The so-called resistate minerals that have already
been discussed often present difficulties in the initial attack of the sample
but fusion with lithium borate is used with considerable success. Problems can
also occur at the next stage when the fusion is being dissolved in acid
solutions, because the ions from these minerals, e.g. Zr, Ce, Th, Ti, PO^ can
readily reform insoluble compounds .

Normal flame excitation is not very satisfactory for thorium and uranium
and even the recent advances in inductively coupled plasma (ICP) excitation
have not led to its use for these elements. For potassium, however, almost any
form of flame optical spectrometry can be used and atomic absorption is
probably the most popular. The weak link is often in the preparation of the
solution to %e flamed even for potassium.
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Direct radiometric methods of analysis

For the very reason that radioactive elements are important for TL dating
they can be determined by detecting the radiation that they emit. The most
common technique is thick source alpha-particle counting (TSAC), a critique of
which was presented at the Third of the present series of conferences (Prescott
et al 1983).

In this method the total number of a-particles emitted by a thick sample
per unit area per unit time is determined and at the same time "pairs" of
counts are separately recorded. These "pairs" are counts that occur together
within the time range of 0.01 and 0.20 sec and relate to the Po-216 change to
Pb-212 in the thorium chain. With suitably prepared samples, the method is
simple, inexpensive and accurate and while the method may be of limited
accuracy in analysis for uranium and thorium separately it gives an adequate
indication of the existence of disequilibrium when compared with the
alternative methods of analysis described above. It gives an accurate
assessment of the radiation dose for TL dating purposes which is closely
related to the number of a particles counted.

Usually it is necessary to determine potassium in addition to TSAC but
Batter-Jensen and Mejdahl (1985) have recently described a 3~counting system
for analysis of potassium which also works on the bulk sample without chemical
intervention.

When disequilibrium is present, more elaborate and expensive techniques
are necessary to identify its nature. These include alpha- and gamma-
spectroscopy. Details will not be givo:n here but some examples from our work
were given by Smith et al. (1983) and a particularly interesting example is
given by Smith et al. (1985) in the present proceedings.

Field Measurements

In the past year or so we have been using sodium iodide gamma-ray
scintillometry for in situ estimates of uranium, thorium and potassium and
total radioactive dose. For some time we have had dose calibrations relative
to thermoluminescence dosimetry and calculated from chemical analysis. With
some exceptions, these comparisons have been satisfactory - they are certainly
so on a relative basis. With the installation of standard pads at CSIRO
Mineral Physics, our instrument now has an absolute calibration.

We have now begun a series of measurements on field sites which have
already been well studied in the course of routine archaeological and
geological dating. The advantage of in situ measurements is that the gamma ray
field measured by the instrument is almost identical with that seen by the
sample being dated. While it is the total dose that is of prime importance,
the advantage of having at least a first elemental analysis before leaving the
field is clear. Results from this programme will be reported elsewhere.
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Results

Table 1 gives results of analyses for thorium and uranium obtained by
N.A.A. and X.R.F. and thick source a-counting on a number of widely varying
samples over the last three years.

Discussion

The archaeometry group of the Physics Department, University of Adelaide
has, in the last five years, determined the natural radiation dose in a wide
range of samples of ceramics, soils and sediments and has used a number of
methods.

Where possible the dose has been measured by thermoluminescence dosimetry
using copper capsules containing doped calcium sulphate left buried at the site
for twelve months and subsequently compared with the TL generated by using a
calibrated source of radioactivity for a known time. This is taken as our
standard for checking other methods of determining the radiation dose.

All samples are analysed for potassium, thorium and uranium, and using the
data of Bell (1979), the dose due to a, 5 and -y rays can be calculated. Either
XRF or NAA or both methods have been used over the past three years and the
very close agreement between the methods is clear from Table 1. The thorium
values, which are well above detection limits, show that when averaged over the
30 pairs the XRF is 0.8% higher, while for uranium the XRF values are 5% lower.
Many of the uranium figures are closa to the limits of detection and if only
the four sets of values above 4 ug.g are considered there is no difference
between the methods.

Also evident in the table, and indicated by an asterisk are some examples
indicating clear cases of radioactive disequilibrium as evidenced by
differences between apparent uranium concentration for TSAC, DNA and XRF. Red
182/183 and SC3/6 have been discussed elsewhere (Smith et al., 1983, 1985). We
have found no evidence for disequilibrium in the thorium chain.
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Table 1

Analysis of samples for thorium and uranium by TSAC, NAA & XRF

-1

Date Locality

Results are in yg.g

Sample Thorium Uranium

TSAC NAA XRF TSAC DNA XRF

1982 Spencer Gulf.SA

Sydney Bricks

Roonka, SA

Red 38/236
Red 42/30
Red 42/142
SG 182/183
BS1
BS2
BS3
EB1S/0.30
EB1S/1.0
EB1S/1.7

3.6
8.6
5.1
4.1
7.7
8.9
7.9
8.1
8.9
8.2

4.2
8.7
3.9
3.5
8.7
8.9
11.0
7.1
6.6
7.9

5.9
8.6
4.5
4.9
9.7
9.0
11.8
7.3
7.1
8.2

6.1*
3.8
2.6
10.1*
3.1
2.5
4.4
1.4
1.9
1.7

17
2.6
1.1
28
2.9
2.4
2.7
3.5
1.5
1.2

18
3.0
1.0
27
1.5
1.5
1.5
0.5
0.5
0.5

1983 Helena R. WA
Roonka, SA

S.East, SA
II tl

HRS/130
EB1S/1.4
EB1S/1.8
EB1S/2.3
ST2S
RB2S
WK/S
SC3/6
SC3/8

27

1.8
-
1.0

19
-

30
3.0
6.4
7.1
1.8
0.8
0.8
13.9
12.7

32
3.8
7.8
7.8
2.0
1.1
1.0
-

12.1

4.8*

0.5
-
0.9
11*
-

8.7
0.7
1.3
1.9
0.5
0.9
0.9
2.0
2.2

8.9
0.5
1.1
1.6
0.6
1.3
0.8
-
1.7

1984 Thai Soil
ti it

ii ii

it ii

Thai Sherd
ii ii

Loess China

SISAT/2/1
SISAT/2/2
SISAT/2/3
SISAT/2/4
SISAT/2/1
SISAT/2/3
Z-01
Z-03
Z-06
L-220
L-100
Th2

10.5
10.1
9.5
9.1
13.1
12.4

13a 13.5
10a 10.8

13.2
14.5
13.4
14.6

10.4
10.3
9.7
9.0
12.2
12.4
13.5
10.1
13.0
14.2
12.5
13.5

3.0
2.3
2.5
2.4
4.3
2.9

3a 2.7
3a 2.2

2.2
2.8
2.7
2.8

2.8
2.4
2.3
2.2
4.1
2.8
2.2
1.8
1.7
2.5
2.4
2.8

a Preliminary figures.

N.B. The -1lower limit o£ detection at 2sd level is 0.4 pg.g x forthorium by
NAA and 0.3 yg.g by XRF. For uranium it is about 0.2 yg.g for both
methods. These limits can be used for an indication of the precision of
the above data.
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ARTEFACT IDENTIFICATION

J.R. Bird, P. Duerden

AAEC Lucas Heights Research Laboratories, Sutherland 2232

1. INTRODUCTION

Obsidian was a key resource in the past in regions such as Melanesia
where volcanic activity provided plenty of high quality glass. In Australia,
volcanic rocks are much older and associated glass is at least partially
crystallised and of quite poc_ quality from the standpoint of artefact
production. However, a number of artefacts from Seelands in the Northern
rivers region of New South Wales have been identified as obsidian (1). A
possible source of such material is the Mt. Warning region in north-eastern
NSW.

The measurement of elemental composition is a powerful tool for comparing
artefact obsidian with potential source material and ion beam analysis
techniques have proved very successful for this work. The results of PIXE/
PIGME measurements on the Seelands artefacts and Mt.Warning obsidian showed a
major difference in composition between these two sets of samples (2). The
low levels of minor and trace elements found in the artefacts suggests that
they are not obsidian at all.

Measurements of elemental composition place major restrictions on the
possible lithology of a sample but cannot define a unique combination of
phases which is present in a crystalline sample. Neither can they be used to
decide whether a sample is amorphous or crystalline. Petrological examination,
which is normally used for these purposes, requires the preparation of a thin
section and is semi-destructive when applied to artefacts. A limited amount
of information can be obtained by microscopic examination of surfaces and thin
edges and it is interesting to explore the extent to which this can be
combined with non-destructive elemental analysis to help unravel the problems
of artefact lithology and materials sourcing.

2. MAJOR ELEMENTS

In order to investigate the geochemical nature of artefact material, it
is important to establish the major element composition. The simultaneous
measurement of proton induced X-rays (PIXE) and gamma-rays (PIGME) is very
useful for this purpose since it provides information on most elements (but
not H, C, N and O). If it is assumed that the major elements occur as
oxides and these sum to 90% or more the measurements are a good indication
of the bulk composition of the samples. If this is not the case, further
investigation is necessary. Valuable additional information can be obtained
by the simultaneous measurement of Rutherford backscattering. Such measure-
ments include C, N and O thus giving a complete major element analysis except
for H.
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The determination of the major element composition is also essential
for the calculation of X-ray attenuation coefficients and stopping power
corrections. Iteration of these calculations until a self-consistent bulk
composition is obtained is an important aspect of PIXE/PIGME analyses (3).
Results obtained in this way for the Seelands artefacts and Mt.Warning region
obsidian are listed in Table 1. Approximately half of the samples gave a
major element sum greater than 90% and all except about 10% gave a sum greater
than 80%.

3. VARIATIONS

The results in Table 1 show a considerable range of values for most
of the major elements. Repeat measurements generally agree well (e.g. to
better than 10%) indicating that counting statistics, beam current measure-
ments and related experimental errors are not likely to be the cause of the
observed variations from sample to sample. Some experimental factors, such
as the position of the beam spot and orientation of the sample surface
relative to the X-ray detector direction introduce additional variations
which can be assessed by remounting the sample and repeating the measurements.
Any inhomogeneity of the sample itself will also contribute to the observed
variation in results. Ion beam analysis at 2-3MeV probes approximately
10-100yg of sample, depending on sample density and beam diameter, and many
geological and archaeological samples cannot be satisfactorily characterised
by measurements on such small amounts of material.

Repeat measurements were carried out on the artefacts and a larger set
of obsidian samples. The results were in satisfactory general agreement
with the first measurements but they show that many of the extreme values
shown in Table 1 are atypical of the overall bulk composition of the samples.
Multi-element analyses by ion beam techniques are quite quick (5-20 minutes)
so that it is practicable to undertake a number of measurements on samples
which may not be homogeneous. The mean of such measurements and the extent
of the variations provide very useful information on the nature of each
sample.

The artefacts have a relatively low level of crystallites and other
irregularities and are apparently made of amorphous material. The obsidian
samples on the other hand, show considerable variations in colour, and
strength. Repeat measurements on 5-10 pieces from four separate locations
in north-eastern NSW and south-eastern Queensland, show a very close
similarity in composition although a few samples show marked changes, for
example Si02 content as low as 40-50% accompanied by high alumina and other
element concentrations. The latter can be interpreted as containing clay
within a porous lattice of almost completely devitrified material. Clearly,
ion beam measurements are of only limited value for such material. However,
most of the obsidian material from the Mt. Warning region forms a distinctive
compositional group.

4. LITHOLOGY

In spite of the variations in composition, the artefacts and obsidian
form completely different groups. The differences are obvious in Table 1.
The artefacts have much lower concentrations of most components except Si02
and sometimes Fe2O3 and this is also observed for ten trace elements. These
low levels and the largely amorphous nature of the artefacts suggests that
they are chert rather than obsidian. However, comparison with measurements
(included in Table 1) on samples of altered black chert from the New England
area (1) show more similarity with the obsidian than with the artefacts.



66

From these results, we see that very little information can be obtained
from ion beam measurements on sample lithology but the full elemental
analysis provides a powerful test for establishing differences between groups
of samples.

5. RKFERENCKS

I. McBryde, "Aboriginal Prehistory in New England", Sydney University
Press, 1974.

J.R. Bird, 1'. Duerden, T. Wall and E. Clayton, Proc. 2nd Austr. Conf. on
Archaeometry, Canberra, 1985 (to be published).

P. Duerden, P. Airey, E. Clayton, B. Davey and D. Gray "The use of Proton
Induced X-ray Emission and Gamma-ray -Emission for Geochemical Analysis
of Crystalline Rock", to be published.

TAliLE 1

MAJOR ELmENT COMPOSITION (\ OXIDES)

No. NdjO M>jO A1jt)3 Sl03 KaO CdO TiOa

OBSIDIAN 10 2.65-3.39 0-1.00 13.4-14.2 47-80 3.98-!..110 0.25-0.40 0.11-0.27 1.32-2.57 70-104

ARTEFACTS 12 0.02-0.14 0.28-2.54 0.09-1.91 56-94 O.S4-J..-M - - 0.05-1.20 60- 96

BLACK CHERT 6 1.22-4.70 1.39-2.74 6.12-16.4 50-80 0.7b-2.29 0.24-1.81 0.14-1.40 0.61-10.7 0 3 - 9 8
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RECENT APPLICATIONS OF NEUTRON ACTIVATION ANALYSIS IN GEOSCIENCE

AT LUCAS HEIGHTS

John J. Fardy

CSIRO Division of Energy Chemistry, Lucas Heights Research

Laboratories, Private Mail Bag 7, Sutherland, NSW 2232, Australia.

ABSTRACT

In spite of developments in instrumental techniques of analysis over the
last decade, neutron activation analysis has maintained its importance as a
multielemental technique for analysing a wide range of geological materials.
Some of its applications in geoscience at Lucas Heights over the last two years
are discussed. These include hydrogeochemical and geological prospecting for
gold in geothermal and bore water systems and ores, rare earth characterisation
of shoshonitic lavas, altered basalts and dacites, and trace element studies of
Australian oil shales and coals.

INTRODUCTION

Neutron activation analysis (NAA) has maintained its place as the work-
horse for multielemental analysis of geological, biological and environmental
samples, in spite of recent developments in instrumental techniques of analysis
over the last decade (e.g. ICP, PIXE, XRF etc.). This is supported by the
extensive use of this technique in the radiochemical laboratories of the CSIRO
Division of Energy Chemistry over the last two years.

Descriptions follow of some applications of NAA in geoscience at Lucas
Heights over the last two years, relating to hydrogeochemical prospecting for
gold in geothermal and bore water systems, geological prospecting for gold, rare
earth characterisation of shoshonitic lavas, altered basalts and dacites, and
trace element studies of Australian oil shales and coals.

EXPERIMENTAL

Geothermal and bore water samples were analysed for gold by using a gold
preconcentration step on charcoal and determining the gold content by instrument
NAA (INAA)I. Water samples were collected in 1 L polyethylene containers and
filtered through 1.2 p.m Millipore filters to remove particulate gold and other
suspended matter. The dissolved gold in the filtrate was analysed by adjusting
the pH between 3 and 4 using 5 M HC1, adding 0.1 g of activated carbon, shaking
for 5 min, filtering through a 1.2 jum filter, drying the filter/charcoal and
analysing by INAA. This involved a 7 h irradiation in the IRI facility of Moata
(a 100 kW Universities Training Reactor (Argonaut)). After irradiation, samples
were counted 4 to 7 d on a 100 cm , 20% coaxial Ge(Li) detector (Ortec Series
8000, FWHM 1.8 keV at 1.332 MeV) coupled to a Canberra Series 40 pulse height
analyser. Gold concentrations were determined by comparator analysis with a
gold standard adsorbed on filter paper using the 412 keV peak for *°°Au,

Analysis for gold in geological samples was performed by INAA using a
similar protocol and counting system, except that 1 g samples were irradiated
for 2 to 5 h.

The trace element profiles of rocks, oil shales and coals were measured by

INAA. In this procedure the sample (100 mg in polythene vials) was irradiated
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for a brief period (1 to 3 min) in the X-176, self-service pneumatic tube of
HIFAR, the AAEC's 15 MW research reactor, at a thermal flux of 5 x 1013 n cm"2

s~l and analysed by high resolution gamma spectrometry after cooling the sample
for 20 min and 24 h. The sample was re-irradiated for a longer period (5 to
24 h) in the X-6 tube of HIFAR and again counted 7 and 28 d after the
irradiation. The certified NBS standard reference materials SRM1632 (coal)
and/or SRM1633 (fly ash) were simultaneously irradiated and counted.
Concentration data were calculated using computer programs written in FORTRAN
which perform comparator and absolute analysis .

RESULTS AND DISCUSSION

The gold content of geothermal waters from New Zealand and bore waters from
the Laverton region of Western Australia and the Weipa region of Cape York have
been measured in collaborative studies with the CSIRO Division of Mineralogy and
several mining companies. By using a gold preconcentration step on charcoal
before determining the gold concentrations by INAA, we achieved detection limits
of 0.3 ng L~l. Some of the gold concentrations found in selected waters are
listed in Table 1. The values for geothermal waters ranged from background
levels (0.4 ng L~l to 215 ng L~^. These concentrations closely followed the
anticipated hydrogeochemistry of the waters in these areas. Most gold concen-
trations found in bore waters did not differ significantly from background but
several samples have assayed at high concentrations (Table 1) indicating the
proximity of gold bearing deposits. A further sampling and assay program will
endeavour to locate the positions of these deposits accurately.

As part of a joint study with CRA Exploration, computer studies using the
Advanced Prediction Computer Program (APCP) of Guinn and his associates3 were
done on a series of gold-bearing ores to determine optimum conditions for
measuring gold by INAA. The gold content of these ores ranged from 10 ng g~l to
200 /xg g"l and their complete trace element profiles were measured and used as
source data in the computer analysis. Each of the parameters - sample size,
irradiation times, decay times and count times - were examined as a function of
the precision for gold measurement in each of the ore types.

Rare earths

Interest in the rare-earth content and pattern of rocks from the Sydney
Basin has resulted in a number of collaborative studies with geologists from the
Universities of Wollongong and Newcastle, since INAA can measure the majority of
these elements in rock matrices. Resulting rare-earth patterns not only reflect
the overall mineral assemblage in the rock but also permit evaluation of
fractional crystallisation and partial melting of a system.

In a recent study of the rare earth geochemistry of the Late Permian
volcanic rocks from this area\ only samples that were not significantly altered
by weathering, as measured by routine petrographic and limited chemical
anal/sis, were analysed for their rare-earth elements. Results displayed
moderately fractionated rare-earth element patterns, with enrichment in the
lighter rare earths.Trace element modelling based on published partition
coefficients and oossible source composition suggested these shoshonitic magmas
were generated by 10-15% melting of spinel Iherzolite which was previously
enriched in the lighter rare-earth elements.

Trace elements in oil shales and coals

There are a number of oil shale deposits in Australia under consideration
for commercial exploitation including the Julia Creek, Condor, Rundle and
Nagoorin deposits in Queensland. Chemical and mineralogical characterisation of
these shales is important in consideration of processing and waste disposal
options for future development. INAA has played a key role in these character-
isation studies in both CSIRO's own Divisional research program and in collab-
orative investigations with external organisations.
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For characterisation studies of Julia Creek oil shales, INAA data was comb-
ined with analytical results from SSMS, ICP, AA and XRF as well as the mineral-
ogical techniques of X-ray diffraction, electron microprobe analysis and inter-
element correlation analysis . The results provided a definitive chemical and
mineralogical characterisation of the oil shale and identify the major mineral-
ogical residences of the important trace elements.

Trace element partitioning during the retorting of oil shales from Julia
Creek, Condor, Rundle and Nagoorin under Fischer assay conditions was studied
using INAA, ICP and AA. Up to 19 elements were detected in the shale oils and
retort waters^,7. Although the extent of trace element partitioning varied
between samples, significant amounts of As, Se, Cr, Zn, Fe, Al and Ti were
associated with the oil shales, and As, Se, Ni, Co and Cl were transferred to the
retort waters.

The combustion and liquefaction of coal produces a variety of emissions and
effluents, ranging from particulates in flue gas to solid and liquid wastes.
Over the last five years increased interest in the concentration and fate of
inorganic elements has been reflected in the analysis of INAA of a wide range of
coals from New Souti- Wales, Queensland, Victoria and South Australia, both
independently and in collaborative research projects with industry and other
government departments. These studies have produced concentration data for 40
trace elements**.

Recent studies of Australian black coals using a combination of instrumental
methods of analysis (INAA, SSMS and PIXE) has yielded abundance levels for up to
73 elements providing the most comprehensive characterisation of these materials
yet reported".
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TABLE 1

Gold Concentrations in Geothermal and Bore Waters (ng L~*)

Sample Au Sample Au
Geothermal 1 1.5 Bore Water 1 2.3

" 2 0.4 " 2 7.4
" 3 215 " 3 1844

4 30.4 " 4 0.6
" 5 0.9 " 5 4.6

6 16.7 " 6 0.7
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INDUSTRIAL APPLICATIONS OF RADIOISOTOPE TRACERS
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Isotope Division, Australian Atomic Energy Commission,
Research Establishment

Lucas Heights Research Laboratories

ABSTRACT

Radioisotope tracing techniques are powerful tools for analysing the
behaviour of large systems and investigating industrially or economically
important processes. The results of radioisotope experiments can yield
important information, for example, on parameters such as flow rates, mixing
phenomena, flow abnormalities and leaks.

Some examples of current AAEC research are described, covering studies on
hearth drainage in blast furnaces, flow behaviour in waste-water treatment
ponds, and sediment transport in marine environments.

1. INTRODUCTION

Over the past 10 years the Australian Atomic Energy Commission (AAEC) has
conducted a wide-ranging program of applications of radioisotopes to solve
problems of local, regional or national importance. Specifically, this work
has involved the iron and steel industry, the coal industry, natural gas
explorers, port authorities, water and sewerage instrumentalities and environ-
mental agencies.

The work can be classified into three areas

Flow studies - involving flow rate measurements, residence times
leak-detection and wear;

Environmental studies - on waste water treatment plants, sewage and
and acid waste disposal, and prediction of waste-water
disposal problems;

Coastal engineering studies - examining movement of sand in rivers,
estuaries and near-shore areas, dredge spoil movement
and sediment gauging.

Most of the investigations are concerned with obtaining information on
the behaviour of complex large systems. These data can be required for many
purposes; for example, to check whether systems are working in the way they
were designed, and to develop of mathematical models which are used to extend
the applicability of specific observations. The development and verification
of such models depends on measurements on the real system. Tracer investi-
gations provide a vital step in this procedure.

Because radioisotopes are unstable and decay at known rates, they offer
considerable advantages in a wide range of investigations requiring consecu-
tive experiments where a suitably chosen radioisotope will effectively decay
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away before the next injection. Problems of residual contamination or
build-up of tracer can thus be avoided.

Another consequence of the instability of radioisotopes is the absence of
most of them in the environment. Rarely will any type of radioisotope, let
alone the one chosen specifically for a particular investigation, be present
in a system under investigation. The radioisotope tracer will thus uniquely
define material within the experiment.

If chemical species need to be monitored then the use of the appropriate
radioisotope will ensure that the exact chemistry is followed.

In general, radioisotope tracers are required in only physically small
amounts - milligrams of solids or millilitres of liquids - because of the
large amounts of radioactivity that can be induced into many elements. The
high sensitivity and stability of modern electronic nuclear radiation detec-
tion equipment also ensures that relatively small amounts of radioactivity are
required for most experiments. Radioisotope tracers can be added to most
systems without affecting the material balance.

Many radioisotopes emit Y~rays that can pass through significant thick-
nesses of construction materials such as pipes and tanks. This radiation can
allow a system to be monitored externally, avoiding any perturbations that
might arise from direct sampling. The Y~raY emissions also allow the moni-
toring of systems in real time which leads to maximum sampling efficiency and
direct feed-back on system behaviour.

For all those reasons radioisotopes are generally the most appropriate
and the most cost-effective means of tracing large systems.

Three current research areas of economic or industrial importance are
discussed below.

2. HEARTH DRAINAGE IN BLAST FURNACES

The use of modern blast furnaces has revealed deficiencies in operating
procedures developed for earlier style furnaces. In the past 15 years, there
has been a world-wide and vigorous program of research to understand the
behaviour of the blast furnace, particularly the furnace hearth, including
such topics as improvement of coke, and analysis of hearth drainage. Much of
the effort has been in the development of mathematical models and the analysis
of flow behaviour in laboratory scale models using glass bead/water systems.
Australia and Japan appear to be the only Western countries that have carried
out radioisotope hearth-drainage experiments in blast furnaces.

Since 1979, the AAEC has carried out experiments at BHP Steel Inter-
national on Nos 3 and 5 blast furnaces. The objectives are to measure the
residence times of the molten iron and the molten slag in the furnace to
investigate whether there is a correlation between the furnace performance and
residence times. Gold-198, silver-11Om and cobalt-60, in the form of wire or
foil, are used to label the molten iron, and lanthanum-140 and scandium-46, in
the form of oxides, are used to label the molten slag. Because of the large
number of variables operating in a blast furnace a large number of experiments
have to be carried out to determine how sensitive flow parameters are to
changes in blast-furnace behaviour and output.
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3. WASTE-WATER TREATMENT LAGOONS

Waste stabilisation ponds are used extensively throughout the world as
the final stage in the treatment of sewage and other liquid wastes containing
organic materials. In Australia, about 2900 hectares of ponds are in use in
some 320 country areas where the effluents ultimately discharge into rivers.
The correct functioning of these lagoons is, therefore, vital to the preser-
vation of unpolluted surface waters.

In many cases, pond systems are providing effluents which do not meet
today's high pollution control standards, largely because our understanding of
pond function is limited rather than limits to the pond method itself. The
processes that destroy pathogens and remove organic material are biological,
biochemical and chemical, but the creation of favourable conditions under
which these processes will proceed at the desired rates is dependent on
physical conditions in the pond system. Overseas workers have cited the
hydraulic (flow) behaviour of ponds as one of the major areas in which more
knowledge is needed. Hydraulic behaviour, in particular, hydraulic retention
time distribution (RTD) is one of the most commonly used parameters in the
design and theoretical modelling of pond behaviour but is one of the least
researched.

Since 1979, the Commission has used radioactive tracer techniques to
study flow patterns and RTDs in sewage treatment plants. The flows have been
traced using bromine-82, tritium and technetium-99m. Experiments have been
set up on operating pond systems which aim

to look for variations due to seasonal and short term weather factors,

to improve the mathematical modelling of the RTDs,

to correlate observed RTDs with the type of flow behaviour observed in
situ tracing experiments, and

to study the efficacy and mechanism of baffling as a means of
extending retention time.

These tracer studies have shown that the flow behaviour of individual
ponds can deviate markedly from the design criteria. Weather has a marked
influence on the flow processes.

4. SEDIMENT TRANSPORT IN MARINE ENVIRONMENTS

A significant increase in interest in this area has occurred worldwide
since continental shelf territorial rights were declared, and considerable
research effort has been centred in the coastal, nearshore and continental
shelf regions. In Australia, an average of $760 million is spent annually on
coastal work and an average of $220 million on capital works. Many of the
problems are caused by either the erosion or the deposition of sediment, and
quantitative field data (to prove existing sediment transport models or to
provide understanding of the basic morphological processes involved) are
urgently required by engineers involved in oil and gas pipe line laying,
sewage and industrial outfall design, harbour and port design and maintenance,
coastal erosion control and estuarine siltation management.
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A variety of radioisotope tracers, including gold-198, chromium-51,
scandium-46 and iridium-192/ have been used in sediment transport studies,
which have included

a study of navigation channel infill in Moreton Bay, Queensland,

a study of estuarine siltation in Port Hacking, NSW, and

a study of coastal erosion off-shore of Adelaide, South Australia.
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XPS STUDIES OF VALENCE STATES OF LANTHANIDE AND ACTINIDE ELEMENTS IN

SYNROC C
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Nathan Q. 4111

ABSTRACT

High level nuclear waste (HLW) is simulated in part by addition of small
quantities of lanthanides and actinides to the Synroc precursor slurry. There
are two main parameters which influence the crystallographic destination of the
HLW species - the cation size and its valence state. X-ray photoelectron spectro-
scopy (XPS) was used to investigate the valence states of rare earth elements
(REE) in Synroc. Experimental difficulties are considerable at concentrations
approaching detection limits in a solid with up to 20 different elements. Some
successful observations will be described and their implications for the struct-
ural chemistry will be discussed.

INTRODUCTION

Ringwood et al has developed a titanate ceramic (SYNROC) material which
will immobilize high level nuclear waste (HLW) by trapping the radionuclides in
a matrix of composite minerals. As part of the description of SYNROC, we have
studied the valence states of some HLW elements in order to infer their elemental
destinations in the mineral crystal structure.

X-ray photoelectron spectroscopy (XPS) has now become a widely used tech-
nique for studying electronic structure. The spectrum (electron intensity versus
energy) has a great wealth of information about solids: chemical state, atomic
concentrations, identification of constituent elements, binding energy of elect-
ron orbitals, density of states are just a few applications.

RESULTS AND DISCUSSION

The peak position (binding energy) in the XPS spectrum indicates the valence
state of the atom. The binding energy normally increases with higher valence
states as the electrons are then more tightly bound due to the presence of the
additional nuclear charge.

SYNROC C (No. 193) contains 15 simulated waste elements and a number of
processing contaminants such as sodium, lead and carbon. If the matrix minerals
are included, there are well over 20 elements present. Identification of valence
states in SYNROC is sometimes not possible as, for example, phosphorus where the
signal is totally obscured by the stronger strontium signal. An additional
complication is the difficulty of detection of very low atomic concentrations as
is the case for HLW elements.

A spectrum of the Ce 3d level in SYNROC C was acquired over a long time
(12 hr) and shows a complicated structure of more than six primary and satellite
peaks. A background spectrum from SYNROC B (containing the same matrix elements
as SYNROC C but with no added waste) was subtracted and the resultant spectrum
is shown in Fig. l(a).
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Cerium and some other lanthanides show strong satellite peaks due to inter-
action of the 3f electrons with the ligand atoms. Particularly interesting is
the 3d spectrum of Ce (as CeO2) shown in Pig. l(b) (all peaks are charge shift
ed by 4.9 eV) . The peak located at 920. 4eV is always present in the spectrum of
Ce'l+ and never in Ce +, while the metallic form of ceriun. is thermodynamically
very unlikely and would appear at lower binding energy. This allows unambiguous
identification of the valence state of Ce. In SYNROC C, the lack of the high
energy peak and the binding energies for 3d peaks show unequivocally that Ce is
incorporated in the lower, trivalent state. Spectra obtained by Barr3 from Ce203
have very similar binding energies and identical shape to the SYNROC case as
shown in Fig. l(c).

On the other hand, the valence state of uranium is harder to determine as
there are no characteristic satellites associated with a particular valence
state. The uranium spectrum in SYNROC is shown in Fig. 2. The binding of
U 4fy/2' corrected for slight charging, is 379.7 e.v. This is in excellent agree
ment with 379 . 6 eV for U^+ , determined by Verbist et al'* and 379 . 5 eV measured
in this laboratory. If, in fact, a hexavalent species were present then we
might expect higher binding energy at 381eV.

Together, the Ca and Zr sites in zirconolite are capable of incorporating
the trivalent lanthanide and actinide fission products , but the occupancy will
depend on their ionic radius. Since Ca2+ has a larger radius (1.26 &) than
Zr (0.92 A) it is likely that lighter, smaller lanthanides will substitute for

Ca2+ + Zr4+ -> large REE3+ + Ti3+

Ca2+ + Zr4"1' -»• 2 x small REE3+.

An alternative site for these elements is perovskite, which can immobilize
divalent, trivalent and tetravalent ions. Here Ce3+ will go into Ca2+ sites
with Ti changing to Ti3+ to maintain the charge balance.

However, a tetravalent ion like U1* can directly substitute for Zr in
zirconolite. In perovskite, the substitution of tetravalent Ti is straighf orward ,
in theory, although a little hexavalent U may be present to balance the charge.
The reducing conditions during calcination favour lower valence. If U6+ is
indeed present, then its concentration is less than 1/20 of U +.

CONCLUSION

. The valence of Ce and U in SYNROC C has been determined using XPS. Since
cerium in SYNROC does not have the characteristic Ce4+ satellite it is in the
trivalent state. Careful binding energy measurements show that uranium in SYNROC
is tetravalent. Therefore, Ce and U waste species are likely to be incorporated
in both the zirconolite and perovskite phases of SYNROC.
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FIGURE CAPTIONS

Fig. 1 XPS spectra of cerium in: (a) SYNROC C. Note that there is no charac-
teristic satellite peak at 916 eV; (b) CeO2, Ce is in the tetravalent
state showing a strong satellite peak at 920.4 eV (charging causes
4.9 eV shift in the binding energy); Ce203 (ref. 4). Spectrum's
features ajre identical to Fig. l(a).

Fig. 2 Spectrum of uranium 4f level in SYNROC C. There is 0.5 eV charging
shift towards the higher binding energy.
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THE AUSTRALIAN ASSISTANCE PROGRAM IN SAFEGUARDS

J.W. Boldeman
Australian Atomic Energy Commission
PMB, Sutherland, NSW 2232, Australia

An overview will be presented of international safeguards and the
bilateral assistance programme to the IAEA for development of safeguards
instrumentation.
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THE ROLE OF NUCLEAR TECHNIQUES IN THE LONG-TERM PREDICTION

OF RADIONUCLIDE TRANSPORT

P L Airey, P Duerden

Australian Atomic Energy Commission

ABSTRACT

Problems associated with the long-term prediction of the migration of radio-
nuclides, and the role of natural analogues in reducing the inherent uncertainties
are discussed. Particular reference is made to the evaluation of uranium ore
bodies in the Alligator Rivers region, NT, as analogues of high-level radio-
active waste repositories. A range of nuclear techniques has been used to
identify the role of colloids, of a-recoil and of mineralogy in transport.
Specific mention is made of a method being developed which enables models of
the migration of solute through fractured rock to be assessed via a combination
of a-track, fission track and PIXE/PIGME techniques.

1. INTRODUCTION

The design of high-level radioactive waste repositories involves multi-
barrier concepts. These include

immobilisation of reprocessed waste in glass or SYNROC,

encapsulation of the waste in metal containers,

minimisation of groundwater access and migration in the
engineered portion of the repository (near-field), and

natural retardation of radionuclide transport in the geosphere
(far-field).

The longer the period of isolation of the waste products from the biosphere,
the higher becomes the inherent protection due to radioactive decay, dispersion
and isotopic dilution. The United States Environmental Protection Agency has
published a criterion for the maximum dose commitment to the public over 10 000
years. Demonstration of compliance with this type of regulation involves the
proponents of repository design with a new class of problem. Clearly, a mathe-
matical approach must be used. In principle, models are capable of a precise
description of radionuclide transport; in practice, their predictive capability
is limited by the need to use lumped parameters to describe

aquifer properties,

the mineralogy of accessible surfaces, and

solute adsorption and dispersivity.
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In addition, when considering the long-term future, possible changes in the
geological environment must be taken into account. Szoreen and Kocher^-'-J have
pointed out that, "Within 1000 years, near surface borehole seals may be
disrupted by erosion. By 10 000 years extensive continental glaciation could
occur .... For time periods greater than 100 000 years, it is possible that
temperature and pressure fields at the repository site might be significantly
different and the gross chemical and mechanical properties might change as a
result."

2. THE NATURAL ANALOGUE APPROACH

Clearly, long-term prediction is based to a significant extent on subjective
judgment. By using natural analogues we can reduce the level of subjectivity by
using a detailed understanding of the cumulative effect of transport in the
past as a basis for prediction. The most extensively studied analogue of a high
level waste repository system breached by groundwater is the natural reactor
system at Oklo, Gabon. In practice, analogues need not be as comprehensive as
Oklo to be useful. In fact, the current tendency is to seek specific analogues
of particular elements of repository systems. Chapman et al.f2^ have recently
listed processes in an order of priority. The first five are

1 retardation mechanisms in the geosphere,

2 speciation of radionuclides,

3 buffer performance and longevity,

4 waste form breakdown and canister corrosion, and

5 high temperature element corrosion.

Uranium ore bodies are particularly useful analogues of far-field transport
for the following reasons:

(1) They comprise a range of radionuclides including transuranic
and fission product elements (albeit at ultra-low concentrations)
which are of direct interest in predicting long-term dose
commitments to populations;

(2) Uranium series nuclides are ubiquitous. Because they can be
measured at ultra-low levels, distributions of the major
elements can be studied at both the analogue and the repository
sites. A basis, therefore, exists for transferring information
from one to the other.

In the AAEC natural analogue project, an extensive study has been made of ore
bodies in the Alligator Rivers Region of the Northern Territory^]. Many of the
ore bodies intersect the surface. It is, therefore, possible to compare radio-
nuclide transport in the upper weathered clays with that in the underlying
unweathered schists from which they are derived. Extensive use has been made of
the following nuclear and isotopic techniques:
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isotope hydrology,

a- and y-spectcrmetry,

PIXE/PIGME,

fission track and a-track mapping, and

accelerator mass spectrometry.

3. GENERIC RESULTS

Measurements obtained via these techniques ultimately provide a basis for
assessing the validity of the transport theories on which geochemical models
depend. Particular attention is being paid to phenomena which may affect trans-
port over long periods but may not be manifest over laboratory time scales. The
following have been identified in this study:

(1) Recoil - experimental evidence that a-recoil leads to
significantly higher distribution coefficients on clay
has been obtained.

(2) Time-dependence of the distribution coefficient -
9 3 9 9 7 ftsystematic differences in activity ratios of Th/ Ra,

230Th/228Ra and 230Th/225Ra have been interpreted in terms
of the radiochemical history of the thorium and the residence
time of the thorium and radium in groundwater.

(3) Distribution of uranium series nuclides through specific
mineral phases - substantial isotopic fractionation has been
observed between the amorphous iron, the crystalline iron
and the clay/quartz phases of the weathered ore. It is
necessary to identify the specific minerals which largely
determine the distribution coefficients.

(4) Colloids - groundwater colloids are a significant mechanism
of transport of thorium. There is apparently no isotopic
equilibrium between the colloids and the solution.

4. RADIONUCLIDE TRANSPORT IN FRACTURED ROCKS

In many national repository programs it is particularly important to under-
stand the extent to which crystalline rock strata can retard radionuclide trans-
port. At least three mechanisms of transport have been proposed:

advection - dispersion - surface sorption,

advection - dispersion - matrix diffusion, and

advection - channelling - matrix diffusion.

The accuracy of long-term prediction will depend, in no smai measure, on
determining the correct mechanism. Albenin et al.^J conceived and implemented
a series of elegant tracer experiments which were run for three months. Never-
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theless, they found that "available data were not sufficient to firmly conclude
which of the mechanisms is mainly responsible for dispersion".

The natural analogue approach involves studying the cumulative effect of
migration through a pre-existing rock fracture, A number of techniques are
being applied[5].

optical petrology to map the surface mineralogy,

PIXE/PIGME analysis to map the distribution of 28 elements,

fission track studies to map the distribution of uranium,

a-track measurements to map the distribution of daughter
products (predominantly radium daughters).

Some preliminary data are presented. We ultimately hope:

(1) to study the effect of specific minerals on the relative
mobility of uranium and its daughter products by correlating
the ratio of the fission track to a-track densities with the
mineralogy;

(2) to relate these findings, via the PIXE/PIGME data, to the
mobility of other indicator elements, and

(3) to compare the findings with the predictions of alternative
mechanisms of transport through fractured rock.

5. CONCLUDING COMMENT

Long-term prediction of the migration of radionuclides is important in the
assessment of proposed sites for nuclear installations. Inevitably, a modelling
approach must be used. The choice of some of the critical parameters involves
the exercise of subjective judgment. The subjectivity can be reduced by assessing
the validity of the model in terms of natural processes which are acceptable
analogues of elements of the repository system. Uranium series migration within
and down-gradient of ore bodies is a natural analogue of transport in the far-
field of a repository system. Some generic results applicable to weathered
schists are presented. Particular attention is being paid to the extension of
the analogue to fractured rock.

6. ' REFERENCES

1 Szoreen, A. L. and Kocher, D. C. (1984). Uncertainties in long-term
repository performance due to effects of future geological
processes. Oak Ridge National Laboratory Report ORNL-6049,
NUREG/CR-3832.

2 Chapman, N. A., McKinley, I. G. and Smellie, J. (1984). The potential
of natural analogues in assessing systems for the deep disposal of
high-level radioactive waste. NAGRA. Technical Report 84-41.



82

Airey, P. L., Roman, D., Golian, C., Short, S., Nightingale, T.,
Payne, T., Lowson, R. T. and Duerden, P. (1985). Radionuclide
migration around uranium ore bodies - analogues of radioactive
waste repositories, USNRC Contract NRC-04-81-172, Annual Report
1983-84. AAEC Report C40, NUREG/CR-3941, Vol. 1.

Abelin, H., Neretnieks, I., Tunbrant, S. and Moreno, L. (1985). Final
report on the migration in a single fracture - experimental results
and evaluation. Stripa Project 85-03.

Duerden, P., Airey, P., Clayton, E., Davey, B. and Gray, D. (1985).
Proton induced X-ray and gamma ray emission techniques for geochemical
analysis of unweathered rock - submitted for publication.



83

THE USE OF NEUTRON ACTIVATION FOR THE RARE EARTH ELEMENT ANALYSIS

OF GRANITIC ROCKS AND MINERALS

Terence Wall

Australian Atomic Energy Commission Research Establishment

Lucas Heights Research Laboratories, PMB, Sutherland, NSW 2232

ABSTRACT

Neutron activation is a well tested analytical method for obtaining
geocheinical data. Although it cannot be applied to any rock type
with equal reliability, it is commonly used to provide rare earth and
other trace element analyses of granitic rocks and minerals. An
example is given in which NAA of over 80 rock and mineral specimens
was carried out on granitic specimens from eastern Australia.

Neutron Activation Analysis

Trace element analysis of silicate rocks by neutron activation has been
widely used since Gordon et al, 1968 first described the sensitivity and
accuracy of this technique. Concentrations of trace elements such as the rare
elements (R.E.E.) may be measured at levels of O.lpgg"1 in some cases whilst
maintaining a precision of +5% of the stated concentration. The reactor Moata
has an irradiation position which has been used for several years as a location
where the neutron flux gradients and well-thermalised neutron spectrum are known
accurately. Samples of rock, ground to about -180 mesh, were encapsulated in
disc-shaped pure aluminium cans. A trace analysis of the aluminium indicated no
serious interferences for the rocks analysed in this work. The disc geometry of
the cans prevented self shielding or self absorption effects within the matrix
of the powder and enabled a standard counting geometry to be maintained.
Normally about 500 mg sample aliquots were used. Up to 35 cans, including
encapsulated standards and blanks were irradiated simultaneously in a graphite
cylinder with graphite separating each can from the one adjacent. Samples were
analysed using a 30 cm Ge(Li) detector with a resolution of 2.2 keV FWHM at 1332
keV. The system was arranged to cycle each sample automatically, with analysis
times between 30 and 120 minutes for a batch of up to 30 samples. 4000 channel
spectra were stored offline via a LeCroy 3500 computer for later peak search and
processing. The comparator method, in which peak intensities of unknowns were
normalised by the peak intensities of geochemical standards, was used. In a
study of the calibration errors in the N.A.A. of R.E.E., Potts et al, 1981, found
that even after wide circulation of geochemical standards during the period 1969-
1981, only four standards had enough separate analyses reported to enable a
calibration against "in house" standards. These were GSP-1, AGV-1, G2 and BCR-1
(Flanagan, 1973). They also normalised their "in house" standard to the means,
for each element, of a set of ten published analyses of BCR-1, all obtained by
isotope dilution mass spectrometry. It was considered that the critical review
and assessment of geochemical standards carried out by Potts et al was the most
accurate published to date, and since it also involved analyses of R.E.E. by
N.A.A., this evaluation was adopted in the work reported here.

R.E.E. Geochemistry

All the R.E.E. behave very similarly in geochemical processes. However,
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the ionic radii of each R.E.E. shows a regular contraction with increasing atomic
number. This means that some degree of partition of the L.R.E.E. and H.R.E.E.
occurs in most minerals during igneous rock formation. The R.E.E. generally form
ionic bonds with 3+ states predominant but one exception is the commonly formed
EU2+ state which substitutes readily in feldspar minerals. In general, the bulk
of the R.E.E. in a granitic rock is often found in accessory mineral phases such
as apatite, sphene, zircon, allanite and monazite. The even atomic numbered
R.E.E. occur naturally with greater abundance than the odd atomic numbered R.E.E.
It has become conventional to normalise R.E.E. concentrations by dividing each
R.E.E. concentration found in a rock or mineral phase by the corresponding value
found in the "averaged chondrite". It is widely regarded that the chrondrite
composition is the likely primary source rock composition for most crustal
material. Also, the normalisation smooths out the otherwise irregular shape of
an R.E.E. pattern - an arrangement of R.E.E. concentrations in which decreasing
ionic radius is plotted as a function of element concentration. These plots are
intended to show 1) the relationship between different rock types and R.E.E.
concentration, 2) the extent of fractionation of the light R.E.E. to produce
steep gradients from La to Lu, and 3) the presence and extent of an europium
anomaly. An example of the way these plots are used is given below.

Applied R.E.E. Analysis

The Upper Paleozoic New England Fold Belt contains the New England
Batholith, (Shaw and Flood, 1981), which was emplaced during plutonic episodes
in the Upper Carboniferous and again later in the Upper Permian and Triassic.
The Walcha Road pluton, part of the Batholith complex, has a well defined zonal
structure from core to rim. Samples of whole rock and mineral separates of
this granitic body were analysed by neutron activation using the system
described above. Table 1 shows the R.E.E. analyses for samples from the rim,
intermediate position and core of the granite mass. Sphenes (nominally
CaTiSi 0,-) from the rim sample FS962 and core sample FS814 show the extreme
R.E.E. enrichments generally found in this phase in granitoids. The major phase
hornblende is also enriched in R.E.E. relative to the whole rock from which it
was extracted. The Eu anomalies undergo significant changes in the R.E.E.
patterns between pluton rim and core. The Eu anomaly in the major phases
changes from being slightly negative at the rim to prominently positive at the
core and yet has little influence on the whole rock Eu anomaly for any position
in the pluton. This anomaly in the whole rock is determined by that in the
accessory phase sphene which maintains the significant negative whole rock Eu
anomaly observed throughout the pluton. A fractional crystallisation model for
the formation of the Walcha Road pluton is supported by the R.E.E. data
presented here together with observations made on thin sections which showed the
presence in the rim of sample of euhedral sphene. This indicates that this
phase crystallised early in the fractionating magma but, with the appearance of
hornblende and biotite, competition for available TiO in the melt between sphene

and the latter phases would begin. TiO is present in biotite and hornblende at
the several percent level and the growth of sphene could be severely limited
during hornblende and biotite crystallisation. These major phases decrease in
concentration towards the centre of the pluton and sphene will then increase its
rate of growth without competition for either TiO or the R.E.E. from the major
phases. This could also explain the marked difference in R.E.E. pattern shape
between sphenes from the core and rim of the pluton. The evidence is that the
Eu anomalies in the R.E.E. patterns are controlled by those in sphene which has
great significance for the character of the source rock from which the Walcha
Road pluton was formed. Assuming a fractional crystallisation model to be valid,
the Walcha Road pluton must have formed from a source magma already depleted in
Eu.
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Table 1 N.A.A. analyses (ygg"1) Walcha Road Pluton. (See also Fig. 1)
FS962 (pos.

Whole
Rock

La
Ce
Nd
Sm
Eu
Tb
Yb
Lu

7
1
0
2
0

42
89
nd
.3
.5
.94
.3
.36

Hornblende Biotite Orthoclase

42
147
107
24
2.2
2.8
7.4
1.1

7.6
nd
nd
1.3
0.1
0.08
nd
nd

6,1
8.4
nd
0.39
0.6
nd
nd
0.03

Plagioclase/
fllbite

7.2
8.2
nd
0.4
0.55
0.07
nd
0.03

Chondrite

0.310
0.808
0.600
0.195
0.0735
0.0474
0.209
0.0322

FS822 (position in pluton intermediate between rim and core)

La
Ce
Nd
Sm
Eu
Tb
Yb
Lu

29
52
nd
4.3
0.86
0.61
1.8
0.22

480
885
231
35
3.2
3.9
6.8
0.9

16
nd
nd
2.4
0.3
0.24
0.9
0.13

2.7
3.9
nd
0.2
0.24
0.02
nd
0.02

4.3
7.5
nd
0.24
0.32
0.03
nd
0.03

FS814 (position at core of pluton)

La
Ce
Nd
Sm
Eu
Tb
Yb
Lu

25
42
nd
3.7
0.7
0.55
1.7
0.24

755
4947
3941
1266
116
315
790
93

14
23
nd
2.8
0.3
0.27
nd
0.38

3.0
5.1
nd
0.35
0.48
0.05
nd
0.02

3.3
5.6
nd
0.39
0.48
0.05
nd
0.03

nd not determined
phase not present in rock

962

La Ci Nd S m E u T b Yb Lu

FS8U

LttCt tjd SinEu Til YbLu

Wholn
Huch

Major
(Sum)

Minor Phaies
ISum'l
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STUDIES OF URANIUM DEPOSITS IN THE ALLIGATOR RIVER REGIONJSING PIXE AND PIGME
D.J.Gray , B.C. Davey and P. Duerden

* Dept. Soil Science, University of Sydney, ** AAEC, Lucas Heights

ABSTRACT. The distribution of 27 elements in some drill core from the Ranger and
Jabiluka uranium ore deposits in the Northern Territory, Australia is described.
The distribution of many of these elements is found to be strongly influenced by
the weathering process. Many strong simple correlation coefficients (r) were
found amongst the elements analysed. Some of the very large values of the correl-
ation coefficients between some of the major and trace elements appear to have a
geochemical explanation. Many of the correlations and some of the multiple linear
regression equations were not interpretable in terms of the known geochemistry of
the deposits and the minerals identified in the samples. These strong statistic-
al relationships arise from the diverse nature of the samples analysed (varying
form unweathered rock to highly weathered soils) and cannot be interpreted geo-
chemical ly because the samples are drawn from systems in which different geochem-
ical processes are operative.

METHODS. The samples analysed were from Ranger No 3 ore body drill hole SI/146
(0.7, 2.0, 2.7, 4.0, 21.0 and 22.3m depth) and drill hole SI/35 (13.7m depth).
The Proton induced x-ray emission (PIXE) and the proton induced gamma ray emiss-
ion (PIGME) were carried out on very finely powdered samples pressed into pellets
which contained an internal standard (Rh) distributed on graphite. Elements in
the range z = 14 to 92 were determined by PIXE and B, Li, F, Na, Mg and Al were
determined by PIGME. The statistical calculations for simple linear regression
and multiple linear regression analysis (MLRA) were carried out using Genstat
(1979). The MLRA was peformed using both the major element (Na, Mg, Al, Si, K,
Ca, Ti, Mn, Fe, P) subset and the total element set and all analyses are express-
ed as percentages of elements.

RESULTS AND CONCLUSIONS. Table 1 shows the simple linear correlation coeffic-
ients for all the elements analysed and shows that 34 of them were significant at
the 5% level of significance or better. The way in which some of the elements
vary with depth is shown in Figure 1, which also describes the mineralogy. Table
2 lists the elements entering into the MLRA equations.

An interpretation of the distribution of some of the elements is given
below:

Mg is found primarily in chlorite which being the most easily weathered
mineral in the ore body disappears towards the surface as the weathering in-
creases. Silicon is negatively correlated with Mg because the quartz, being a
resistant mineral, increases in the weathering zone. The correlation with Na is
difficult to explain because it is not a constituent of chlorite but may be
related to the fact that both Na and Mg are removed from surface material during
weathering. The very strong correlation of Mg with Li is likely to arise because
of their similar geochemistry (Wedepohl, 1978) so that Li is probably a trace
constituent of chlorite.

In this ore body K is found predominantly in mica,which is concentrated in
the partially weathered material (due to the loss of chlorite) and then weathers
out closer to the surface. Fe, which is concentrated close to the surface, has a
negative correlation with K. The very strong correlation of K with Rb and F is
likely to arise because of the similar geochemistry of K and Rb (Wedepohl, 1978)
and the presence of F in mica. The MLRA equation derived from the major element
subset is

K = 9.27 - O.lOSFe - 0.279Si + 0.278Mg R2=95.1

The negative terms for Fe and Si arise from their being elements in resistant
minerals, iron oxides and quartz. In addition K is leached in the highly weath-
ered zone because of the similarity in the weathering of chlorite and mica close
to the surface.
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The MLRA equation derived from the total element set is

K = -0.415 + 184Rb R2=95.9
indicating the similarity in the geochemistry of these two elements.

Al is a constituent of many of the minerals observed in the ore body.
Kaolinite and mica, which have the higher Al concentrations, are concentrated at
4m depth giving a peak in Al at this depth. The correlations of Al with F, Ti and
Y cannot arise from a similar geochemistry and may be accidental.

The weathered profi le at this site is lateritic, with Fe in the form of
goethite and hematite being concentrated close to the surface. A number of minor
elements are concentrated with the Fe in the upper horizon (Mn,As ,P ) and
therefore correlate positively with Fe. The MLRA equation derived from the major
element subset is

Fe = 6.92 - 1.54K - 109Na + 277Mn R2=86.2

This equation reflects the low levels of K and Na close to the surface where Fe
is accumulated and the association of Mn as a trace const i tuent in the iron
oxides. The MLRA equation from the total element set gives

Fe = -2.06 + 8039As R2=93.4

indicating a high level of association of Fe with As consistent with the
adsorption of arsenates on iron oxides.

U is present in several different minerals in the ore body, depending on the
degree of weathering. In unweathered rock it is present as uranini te (U02)»
which is oxidised to a variety of secondary U ( V I ) minerals , inc luding
sklodowskite (Mg(SiOo)2(U02)2(0H)9.6H20), saleeite (MgCPO^ClK^^-St^), and
metatorbeni te (Cu(P0^2(^2)7 2 (Eupene ^t aj^.) in the partially weathered
zone. Closer to the surface U appears to be concentrated with the iron oxides.
The MLRA equation derived from the major element subset gives

U = 0.0262 - 1.13Na + 0.00477Mg + 0.283Ca - 0.359P R2=98.7

and from the total element set gives

U = 0.0029 - 17.7Br + 1.88Zr - 0.00359Mg R2=92.8

These regression equations are difficult to interpret and are thought to arise
from the different mineral forms in which U exists in the different zones of this
deposit.

. Increasing the number of samples used for MLRA and subdivision into subsets
f r o m the h ighly , part ial ly, and unweathered zones may lead to equations more
consistent with known geochemistry.
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TABLE 2. Elements entering MLRA of PIXE and PIGME data in major and all element
subsets.

Element Major element subset All element subset

Li Mg(87,4) Fe(93.9)
B Mg(26.0) Ca(32.4) Fe(48.0)
F K(82.5) Al(88.2)
Na Mg(54.0) Si(56.7) Al(57.9) -K(92.3)
Mg Na(54.0) K(72.3) -Al(99.4)
Al Ti(62.7) -Ca(69.6) -Si(69.9) -Mn(92.2)
Si -Ti(43.3) -Mn(75.4) -Al(88.6) -Ca(93.7)
Cl Mg(11.3) Fe(21.9)
K -Fe(60.0) -Si(74.1) Mg(95.1)
Ca P(74.7) Na(87.4) Si(87.8)
Ti Al(62.7) -Na(65.4) -Mn(81.9) K(94.2)
Ba Fe(14.9)
Mn Fe(49.7) -Ti(73.5) K(85.8) -Mg(96.1)
Fe -K(60.0) -Na(75.1) Mn(86.2) Ca(87.9)
Ni -Fe(12.8) Ca(18.60 Ti(28.1) Al(91.4)
U -Na(41.6) Mg(72.3) Ca(79.3)
P Ca(74.3) -Na(91.7)

Mg(87.4) Mn(95.2)
Ni(58.9) -Ti(80.9)
K(82.5) -Zr(96.2)
Pb(83.1) -Zr(96.9)
Li(87.4) -Fe(96.1)
Y(88.1) Zn(95.6) -.
-Y(62.4) -As(98.0)
Cu(42.9) -Ga(68.5)
Rb(95.9)
P(74.3) B(90.7)
AL(62.7) U(92.8)
Fe(14.9) -Sr(49.3)
-Ga(57.1) Zr(75.1)
As(93.4)

Na(85.3)
Cu(99.2)
Ni(99.5)

Mn(97.3)
-Sr(99.7)
Rb(89.9)

Ca(60.3)
-B(89.3)

-Br(56.7) Zr(75.0) -Mg(92.8)
Ca(74.3) -Na(91.7) Sr(97.0)

53 30 27

Concentration., in V 9/9 unless

othervise aWted.

Fig. 1. Concentration vs Depth for major and accessory elements

and Mineralogy



89

THE APPLICATION OF A SCANNING PROTON MICROPROBE TO BIOLOGICAL
AND MEDICAL RESEARCH

A.P. Mazzolini, P.M. O'Brien and G.J.F. Legge

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

Abstract

This paper briefly summarizes the need for trace elemental microanalysis
in the biological and medical sciences. It discusses some of the specific
problems associated with the preparation, handling and irradiation of fragile
soft tissues and isolated cells, and how these problems can be solved. The
advantages of total, quantitative data collection and analysis are also
discussed.

Introduction

The role of trace elements is of great importance in the various
physiological and biochemical processes that occur in biological systems.
Subtle changes in trace element availability can create deficiencies or
excesses that can adversely affect the activity of many key enzymes and
hormones, and thus can have a deleterious result on the growth and functioning
of the plant or animal. A detailed investigation of chemical composition and
its relation to morphological structure under various environmental conditions,
can assist in the understanding of the interaction between trace and macro
elements. The need in the biological and medical sciences is for
multi-elemental analysis with high sensitivity and spatial resolution at the
cellular and sub-cellular level.

Non-Destructive Microanalytic Tools

It is desirable to use a non-destructive probe to analyse biological and
medical specimens. Microanalysis may highlight an unexpected or inconsistent
elemental distribution, as cells and tissue often may be in an abnormal
physiological state. Conservation of the target permits re-analysis (perhaps
over a larger or smaller region of interest) with the same or a complementary
analysis technique. The Scanning Electron Microprobe (SEM) has been
successfully employed to non-destructively study elemental localizations in
biological tissue. The sensitivity of this instrument, which is around one
part in a thousand, is limited by the continuum of background radiation
(bremsstrahlung) produced principally by the deceleration of the incident beam
of electrons in the target. Because of their greater inertia, a beam of
protons produces a bremsstrahlung background which is significantly lower than
that produced by an equivalent beam of electrons (1). The elemental
sensitivity of the Scanning Proton Microprobe (SPM) is thus correspondingly
higher and concentrations as low as one part per million can be detected.

Figure 1 shows the X-ray spectra obtained from a silicon cell in freeze-
rlried wheat leaf epidermis irradiated by both a SEM and SPM. Although the SPM
had an absorber in front of the detector to preferentially attenuate low energy
X-rays, the ratio of characteristic X-ray peak to continuum background for each
element can be compared directly, as their ratios are independent of the
absorber used. As can be seen from the spectra, the P/B ratio for Si is
similar for the two probes. For Cl, K and the other detected macro elements,
the P/B ratios are significantly higher (5 ->• 10 times) for the SPM. Since the
continuum background from proton irradiation decreases rapidly with increasing
X-ray energy, the heavier trace element P/B ratios ::or the SPM are several
orders of magnitude higher than those of the SEM. Although no trace elements
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X-ray spectra from a Si cell in freeze-dried wheat leaf

were detectable with the SEM, the SPM spectrum shows many trace element peaks,
some of which are from elements whose concentrations are close to the ppm
(atomic) level.

When the focussed beam from the SEM penetrates into a specimen, the
incident electrons undergo multiple scattering and the beam spot spreads to a
diameter approximately equal to the thickness of the specimen. For trace
element analysis this thickness should be no less than 1 pm, since for thinner
specimens there is usually insufficient material for the detection of trace
concentrations. A. focussed beam of protons scatters much less than one of
electrons (of similar velocity) (2), so for SPM analysis much thicker specimens
can be used. These specimens are easier to prepare and handle, and trace
elements can be detected readily with currents as low as 100 pA. With this
beam intensity the SPM has a resolution of 1 pm. For Scanning Transmission Ion
Microscopy (STIM), a low current imaging technique developed at Melbourne (3) ,
the probe resolution is down to 0.3 ym. Figure 2 is a STIM image of a diatom,
the clearly visible ribs have a period of 0.7 pm.

Figure 2: High resolution STIM
image of a diatom. (Scan:
13 vm x 16 urn)
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The Nature of the Specimen

Biological or medical tissue is potentially a very unstable medium and
therefore precautions must be taken to maintain specimen integrity during
preparation and irradiation. A large fraction of the specimen is composed of
water, which must be stabilized or removed if ionic exchange or movement of
elements is to be avoided. Conventional techniques of chemical fixing, as used
in electron microscopy, preserve the structure of the cells but not their
original ionic content. As an illustration, a rat kidney papilla was
sectioned and irradiated with the SPM, (after is had been fixed, stained with
Lanthanum and embedded in araldite). Figure 3 shows a photomicrograph taken
after the irradiation. The ring of cells that comprises a kidney tubule can
clearly be seen in the photomicrograph and in the accompanying La map. No such
structure was evident in maps from elements that were originally in the tissue,
as these had been washed out during the chemical preparation.

Figure 3: Photomicro-
graph and La map from rat
kidney papilla. (Scan:
1 20 (jm x 120 urn)

Snap freezing appears to be the only suitable method of fixing tissue for
microanalysis. It must be done quickly and at a temperature cold enough to
prevent migration of unbound ions and the formation of large ice crystals.
Although frozen hydrated analysis allows the specimen to be examined in a state
which is morphologically and elementally close to the in vivo state, the
trapped ice contributes significantly to bremsstrahlung background. For trace
element analysis it is desirable to remove this ice by sublimation under
vacuum, '4) even though the freeze-drying process will inevitably result in
some cellular distortion and possible loss of extremely volatile elements.

The fragile nature of the specimen dictates that running conditions must
be chosen to minimize target movement and/or elemental loss due to localized
beam induced heating. The focussed beam spot should be scanned in a
continuous, rapid, unclosed path to quickly and evenly spread the heat over the
entire scanned area. Exposure to the beam should be minimized by the use of an
efficient data collection system. A method of total quantitative data
collection and analysis was developed at Melbourne (5) especially for
biological SPM application. With this system, all detected X-ray signals,
together with the spatial coordinates at which they were produced, are
digitized and stored directly by a computer. The information can then be
digitally filtered to quantitatively display spatial distribution maps of
individual elements, line scans of individual elements, or X-ray spectra from
sub-regions of the scanned area.

Necrosis in cocoa leaves is a serious problem in the highlands of Papua
New Guinea. The SPM was used to scan the margin of a necrotic lesion on an
unwashed cocoa leaf which showed symptoms of Ca deficiency. Figure 4 shows a
set of four elemental maps extracted from the data collected during the
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Figure 4: Elemental maps, virtual
line scans, and spectra from a
diseased cocoa leaf. The
1 mm x 1 mm scan was centred on
the margin of a lesion.
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irradiation. The necrotic lesion (lower right) contains high concentrations of
Ca, localized in the vascular tissue, but virtually no K, which is found only
in the healthy living tissue (upper left). Si is strongly concentrated along
the boundary of the lesion, whereas Fe is localized in small random areas and
is probably associated with contaminant soil particles. Also shown is a set of
virtual line scans and spectra from three sub-regions, all of which were
extracted from the same data set. These line scans and spectra show the
relative elemental concentrations in the healthy tissue, the necrotic lesion
and along the boundary region.

Information from Coulomb scattered charged particles and from nuclear
reactions can also be digitized and processed in exactly the same way. All
this information, together with the X-ray signals, can be collected
simultaneously during the one single irradiation. An added advantage of this
technique is that because all the information is digitized and stored in
correct time sequence, elemental loss and target movement during irradiation
can be monitored; n.nning conditions can then be selected accordingly to
minimize any loss or .novement.

One of the major considerations associated with the microanalysis of
biological specimens is the introduction of contaminants during specimen
preparation; conventionally used techniques may not be desirable as they are
not developed with such considerations in mind. The preparation of individual
cells may involve the use of washing techniques to remove excess media^). Two
problems encountered with this technique are the introduction of contaminant
elements from the washing buffers, and their adjustment to the correct pH and
tonicity to maintain cellular integrity. Figure 5 shows a 3D contour map of K,
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Figure 5: 3D contour map of the K
distribution in a single red blood
cell. (Scan: 12 urn x 12 urn)

extracted from a single red blood cell approximately 8 ym in diameter. This
map exhibits the "ring" structure associated with the cell's bi-concave
shape. The 3D map gives a more realtistic picture of the original specimen and
provides an enhanced visual representation of the elemental concentration and
d.' ̂ tribution.

Quantitative Analysis

SPM analysis of biological and medical specimens has often yielded results
that were unexpected, and these results often have pointed to trace element
correlations .that were previously not considered important. By recording all
detected signals from the target directly by a computer, the original data set
can be re-analysed a number of times from slightly different perspectives, in
order to quantitatively confirm a particular observation or correlation.

Figure 6 shows a set of elemental maps from the root of a rye grass plant
grown in an abnormally high Cu rich culture solution. Bulk cvnalysis on similar
plants had shown that, as the Cu concentration in the yrowing medium was
increased, a greater proportion of CM (absorbed by the plant) was being
retained in the roots, and not translocated to the rest of the plant. The SPM
was employed to find the sites of, and possible mechanism for, Cu localization
in the roots of these plants.

The maps indicate that there was an apparent localization of P, Ca and Fe
on, or close to, the surface of the root. The distribution of Cu correlated
well with these elements. The maps for K, Cl, S, Mn and bremsstrahlung
radiation, on the other hand, appeared to be more uniform, or in the case of K,
more concentrated towards the central part of the root. Such an interpretation
is only speculative as the X-ray P/B ratios for S, Cl, and Ca were all
approximately one, and therefore about 50% of the distribution of each of these
maps could be attributed to background rather than elemental content.

To account for this background the data set was re-analysed. The scanned
area was divided into a number of sub-regions running longitudinally along the
root, and the X-ray spectrum for each sub-region was extracted, and background-
subtracted counts for all element were calculated. The results, which were
normalized to bremsstrahlung to correct for size and thickness variations in
the root, are shown in the figure. These results show a definite correlation
between the distribution of Cu, P, Ca and Fe, and indicate that the Cu has



Figure 6: Maps and relative elemental concentrations from regions of
interest in a rye grass root. (Scan: 1 mm x 1.5 mm)

probably co-precipitated on the surface of the root with a Calcium and/or an
Iron phosphate.

Conclusion

Although the problems associated with the preparation, handling and
irradiation of soft biological tissue are numerous and complex, the effort
expended in their solution is worthwhile as the SPM offers a unique opportunity
to study the role of trace elements in biological and medical systems.

References

1. J. Guy and G.J.F. Legge: Proc.2nd Aust.Conf.Nucl.Tech.Anal. (1978) 72.
2. A. Roczniok and G.J.F. Legge: Proc.2nd Aust.Conf.Nucl.Tech.Anal. (1978)

24.
3. R.M. Sealock, A.P. Mazzolini and G.J.F. Legge: Nucl.Inst.Meth in Phys.Res.

218 (1983) 217.
4. B.J. Kirby and G.J.F. Legge: these Proceedings.
5. G.J.F. Legge: Proc.2nd Aust.Conf.Nucl.Tech.Anal. (1978) 18.
6. G.L. Allan, J. Camakaris, J. Zhu and G.J.F. Legge: these Proceedings.

This work was supported in part by the A.R.G.S.



95

NUCLEAR ANALYSIS METHODS IN MONITORING OCCUPATIONAL HEALTH
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ABSTRACT

With the increasing industrialisation of the world has come
an Increase in exposure to hazardous chemicals. Their
effect on the body depends upon (1) the concentration of the
element in the work environment; (2) its chemical form; (3)
the possible different routes of intake; and (4) the
individual's biological response to the chemical.

Nuclear techniques of analysis such as neutron
activation analysis (NAA) and proton induced X-ray emission
analysis (PIXE), have played an important role in
understanding the effects hazardous chemicals can have on
occupationally exposed workers. In this review, examples of
their application, mainly in monitoring exposure to heavy
metals is discussed.

1. INTRODUCTION

Many people in the work force agree with the title of a 1971 book "Work is
Dangerous To Your Health " [1]. Although that expression may be a little stark
it is true that we are exposed to a large number of hazards at work. A short
list of these hazards include stress, noise, the effects of heat and cold,
radiation, welding hazards and chemical exposure. In this review we will
concentrate primarily on the effects of metals and metal like elements on the
body, and their monitoring in the workplace.

The consequences of exposure to such elements depend upon the chemical form
of the element ( valence state or whether the element is in an organic or
inorganic form ) , the dose size and duration, its rate of absorption, whether
there are synergistic effects and finally on the variation of biochemical
response to the dose. The difficulty in assessing the degree of hazard of
individual metals is compounded by the fact that in many cases workers are

in the form of dusts, aerosols or
individual metals is compounded by the fact
exposed simultaneously to mixtures of metals ii
fumes, all with differing degree of toxicity.

This multielement exposure requires, essentially, that a multielement
method of analysis with high sensitivity be available for monitoring. Nuclear
techniques such as Neutron Activation Analysis (NAA) and PIXE (Proton Induced
X-ray Emission) are such methods.



96

2. MONITORING THE WORKPLACE

Although some metals play an essential role in the body's biochemistry,
their beneficial effect is limited to their staying within a relatively narrow
concentration range. When levels become too high deleterious effects can arise.
For example, exposure to high levels of over eight elements and forty one
organic chemicals can damage the liver [1].

To minimise the effects of such exposures it is necessary to monitor the
workplace in order

1. to determine whether there are adverse health effects from exposure under
existing safety systems

2. to maintain safe working conditions and permit the detection of
unpredicted adverse health effects.

Two approaches to such monitoring are either to monitor the work environment or
to monitor the biological response to that environment.

The work environment is monitored to assess the concentration of hazardous
agents that the worker may be exposed to, (for example the lead or cadmium
concentration in the air) while biological monitoring aims to measure the
biological effect of that exposure on the worker (for example changes in enzyme
activity). These two methods should not be regarded as alternative, but rather
as complementary, as the information gained from one reinforces that gained from
the other technique. Environmental monitoring has the advantage that results
are easy to interpret and also it is non-invasive to the worker. This form of
monitoring is commonly used in legislation covering occupational exposure.
Biological monitoring while being more complex to interpret does have some
advantages

1. in many workplaces, the main exposure will arise out of accidental
exposure, for which routine air analysis 1s inadequate.

2. quite often the effect of an exposure will depend on the microenvironment,
such as welding fumes passing the nose, so that aerosol monitoring of the
general area will not represent the actual exposure.

3. physiological differences may ensure that the same level of an element in
the air will have a different effect on individuals, depending, for
example whether they have different inhalation rates, or biological
response.

2.1 Environmental Monitoring

Environmental monitoring can be carried out by installing aerosol samplers
In the factory. PIXE is an ideal technique for the analysis of these filters as
1t Is a multielement method which works very well on the small amounts of sample
typically collected ( aerosol concentrations in the range 0.1 to 10 mg per cubic
metre). Figure 1 shows a typical aerosol sample collected in a Sydney factory
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and analysed by the author. The elements K.Ca.Ti Cr,Mn,Fe, Ni, Cu, Zn, As and
Pb are readily determined in this spectrum.

Malmqvist [2] recently reviewed the application of PIXE to work environment
aerosols. There he pointed out that the power of the technique is increased by
careful selection of aerosol samplers which enable the microenvironment around
the worker to be sampled. Small personal samplers which can provide a time
resolution of approximately 15 minutes allow an accurate determination of the
real levels of metals that the worker is exposed to. As was pointed out in the
introduction, the effect of an exposure is dependent not only upon the levels
but also the form of the element and also of interest is the particle size of
the pollutant. Elemental concentration as a function of particle size is very
important when studying respiratory function, as the passage through the
respiratory tract is dependent on size. Larger particles are removed in the
mucus of the nose and upper respiratory tract, whereas smaller particles may
penetrate to the lung where they can then either remain possibly causing tissue
scarring, or be removed by the blood. Cascade samplers can provide information
on size distribution by splitting the collected aerosols into some six to ten
stages each covering some particle size range. Williams and Punyasena [3], and
Budnar et al [4] discuss the usage of such samplers in monitoring garbage
incinerators and a lead battery factory.

The influence of the work environment can, of course, extend outside the
factory gate.

2.2 Biological Monitoring

One difficulty in biological monitoring is the choice of an index medium.
Different elements are accumulated, stored and excreted at different rates in
different organs and fluids of the body. For example lead is stored in bone
whereas cadmium is primarily stored in the liver and kidneys. Thus it is
difficult to obtain samples for direct analysis when studying these elements,
except through autopsy.

A sampling protocol must therefore be chosen which is readily available,
even though its interpretation may be more difficult. Analysis of blood and
urine are commonly chosen for biological monitoring programs. Clayton and
Wooller [5,6] using PIXE have chosen hair as a medium in studies of workers
exposed to a number of different elements. Figure 2 shows the correlation
between hair lead and blood lead from a survey of lead acid battery factory
workers. This shows that hair lead levels may be a reliable indication of
exposure. The PIXE method has poor sensitivity for cadmium in hair (minimum
detection limits of approximately 20 ing/kg). However, in a group of five
nickel-cadmium battery assemblers two showed elevated levels (48 and 57 mg/kg)
together with measurable levels of cadmium in urine. Nickel was measurable in
all subjects, with the exposed group having a mean hair nickel level of 25 mg/kg
compared with 4 mg/kg in the control group. Selenium, cobalt, niobium and
zirconium have also been seen in the hair of exposed workers. PIXE as a
multielement technique is valuable because it provides a means of detecting
unexpected exposures. This work is presently being extended
by following twenty workers for a period of 15 months, sampling every 6 weeks.
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The aim of this study is to ascertain whether the variation in blood lead with
time and exposure would be reflected in the hair lead concentrations. Figure 3
shows the blood lead concentration over the survey period, for one member of the
survey. The preliminary results show that the hair lead results show a similar
pattern of variation with exposure.

,-f

Sabbioni and Maroni [7] exhibit the amount of detail that is necessary in a
thorough biological monitoring program. In a study of workers exposed to
vanadium from oil fired power plants, they used NAA and atomic absorption
spectrometry. Air vanadium concentrations were determined, as well as levels in
urine and blood. The kinetics of vanadium elimination enabled an estimate of
the health effects.

3. IN VIVO ANALYSIS

As mentioned before, it may sometimes be difficult to obtain samples of the
organ that is directly affected by some element such as cadmium. This problem
can, in some cases, be overcome by the use of in vivo analysis. Conn et al [8]
discuss prompt gamma neutron activation analysis for measurement of low levels
of cadmium in the liver and kidneys. Detection limits of 1.5 mg/kg are
reported. They also discuss the feasibility of determining a number of other
elements by different in vivo methods. These include the determination of
silicon in the lung, lithium and mercury in the brain and iron in the heart and
liver.

As lead is accumulated in bone, there is a need for a simple method of
determining bone levels as a measure of cumulative exposure. Somervaille et al
[9] have recently reported detection limits of 10 mg/kg for tibia levels using
cadmium source X-ray fluorescence.

4. CONCLUSIONS

We have seen that there are many problems confronting workers in our
society. Nuclear techniques have played their role in monitoring many of these
problems. If the possibility of becoming insane from high levels of mercury,
doing damage to the central nervous system from exposure to lead or suffering
renal failure from exposure to any number of organic chemicals lead one to
consider retiring to a small farm then one should carefully think again. Not
only is the bucolic peace of the countryside shattered by the noise of
agricultural machinery, the air, soil and water possibly contaminated by
pesticides, fertilisers and weedkillers, but one can also contact a number of
diseases from contact with animals [10]. Tetanus, anthrax, brucellosis, fowl
pest and Weil's disease are common hazards for the farm worker.
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THE AREC TOTAL BODY NITROGEN FACILITY

B.J. Allen*, N. Blagojevic**, J.P. Fallon*, H. Linklater* and I.F. Senior*
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ABSTRACT

A neutron interogation facility has been established at the
Lucas Heights Research Laboratories for the in vivo determ-
ination of total body nitrogen in malnourished patients.
Design parameters of the TEN facility are discussed, with
respect to optimisation of nitrogen count rates and reduc-
tion of backgrounds. Operational features are described*
The facility is used in collaborative studies of cystic
fibrosis with the Royal Alexandra Hospital for Children, and
of chronic haemodialysis with Royal Prince Alfred Hospital.

1. INTRODUCTION

Lean body mass is an important prognostic indicator for malnourished
patients with cystic fibrosis or renal disease. Some 63% of total body nitro-
gen (TEN) is found as intracellular protein in muscle and viscera. The change
in TBN during 'supplementary nutritional programs therefore provides a direct
measure of the lean body mass. However an improved understanding of body
composition and protein metabolism is needed in malnourished patients so as to
optimise expensive and invasive nutritional support.

The TBN technique was first developed by Biggin et al.^1' at Birmingham
using 2-6 MeV cyclotron neutrons. Later isotopic neutron sources were used
by Mernagh et al.'̂ ' at Toronto, Vartsky et al.'̂ ' at Brookhaven, and most
recently, Beddoe et al.<4) at Auckland. Although the ll*N(n,2n) 13N reaction
can be used to produce the positron emitter 3N with 10 minute half life, the
prompt neutron capture reaction N(n,Y) T* requires only a neutron source and
permits the TBN facility to be installed in a hospital. Further the capture
reaction givs a more uniform nitrogen sensitivity with tissue depth, because of
the 11.j MeV threshold for the (n,2n) reaction. Complications also arise in
this reaction from interference with other (n,2n) reactions with oxygen,
phosphorus, chlorine and potassium.

About 15% of nitrogen capture y~rays correspond to ground state transi-
tions, with energy 10.83 MeV. This high energy gamma can be readily detected
above the background with Nal detectors. However it is important to minimise
background count rates.

2. NEUTRON SOURCES

Measurements were made with 238Pu-Be, 239Pu-Be and 252Cf neutron sources,
using a well shielded 200 x 150 mm Nal detector and a 6 L phantom with 4.7 mol
L~ NH^Oh, about twice the tissue equivalent nitrogen concentration. Source
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parameters and nitrogen to background ratios for the same shielding geometry
are given in Table 1.

TABLE 1
COMPARATIVE DATA FOR NEUTRON SOURCES

Source

REACTION

<EN>

Activity

<j>N

SSD

Net neutron yield*

Uncertainty*

Background:*

Dose equivalent

Yield per dose

(MeV)

(Ci)

(s-1)

(mm)

A

(%)

(NBG)
A/NBG

(mrem h~ )

A/D

239Pu-Be

(a,n)

4.5

10

1.5 x 107

305

2000

6.6

7600
0.26

110

18

2-58Pu-Be

(ct,n)

4.5

11.5

2 x 107

305 405

2800 1400

6.0 7.4

12900 4500
0.22 0.31

170 120

17 12

252cf

Fission

2.13

3.0 x 10~3

1.7 x 107

305 405

1900 1050

3.8 4.8

1500 730
1.27 1.44

90 65

21 16

* For 1000 s exposure

252The Cf fission source gives the most accurate and highest signal/
background ratio, the spectrum being shown in Figure 1. The 2.65 y half-life
of Cf argues against use of this source, and the fission neutron spectrum is
somewhat softer than the Pu-Be sources. However, the neutron distribution in
the 12 L phantom is comparable to that for Pu-Be.

These results are confirmed by the data of Morgan et al.(5) who found
that the Cf source generates nearly 40% more thermal fluence per incident
dose equivalent than the Pu-Be source.

A further advantage of the Cf source is its small size. A 27 mCi source
rated at 2.1 x 10 n s~ has dimensions 8 mm dia. x 10 mm and can be mounted on
a 10 mm dia. aluminium rod with boron carbide epoxy filling for transfer from a
mobile source drum into the TBN table shield stack.

The disadvantage of the 252Cf source is the relatively short half-life of
2.65 years. However this is probably comparable to the half-life of the
project and is offset by the low cost of the source ($6400 AUST.) compared with
~ $2000 AUST. for an equivalent Pu-Be source.

3. NEUTRON SHIELD STACK AND COLLIMATORS

This stack (Figure 2) is constructed of 230 x 230 x 150 mm3 blocks of
borated paraffin (~ 50% boric acid). A wedge shaped collimat-or (perpendicular
to the table axis) increases the incident neutron flux and reduces the average
neutron energy at the 230 x 230 mm2 aperture. Lead bricks are placed at the
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ends of the wedge collimator to shield the bilateral Nal detectors. Additional
Pb plates are placed at the top of this stack to shield the Nal detectors from
gamma rays from the H(n,y) and B(n,Qfy) reactions. The dc-7-e equivalent at the
perimeter of the stack is ~ 2-3 mrem h"1 for neutron and gammas. The neutron
dos'.metry is discussed elsewhere in these proceedings'^'.

Existing Nal detectors have been used in this version of the TEN facil-
ity. A 200 mm dia. x 150 mm deep crystal with four PM tubes has about twice
the nitrogen gamma ray efficiency of a smaller 150 mm dia. x 100 mm deep
crystal. However the background under the 10.8 MeV peak is much lower for the
smaller detector. This efficiency imbalance requires the accurate and repro-
ducible placement of phantoms and patients. Reproducibility of the net nitro-
gen yield to 1% is achieved for the static 2000 s exposure of an 8 mol L~ urea
standard phantom with dimensions 220 x 440 ̂  175 mm. This phantom allows
normalisation of all results during these trials, and is measured before and
after patient exposures. A water phantom of the same volume provides the
background subtraction to give the net nitrogen yield.

The linearity of the system has been determined via constant volume
phantoms with different urea concentrations ranging from 0.5 to 7 mol N L~ .
These data are shown in Figure 3 for each detector. The zero intercept on the
ordinate is eliminated after a correction is made for hydrogen substitution by
urea at the higher nitrogen concentrations.

4. TABLE MOVEMENT CONTROL

The major requirement of the table operation is to pass the patient over
the neutron aperture. A 20 mm thick moving table top on teflon slides is used.

The logical design of the table control is given in Figure 4. Dwell times
at 1-4 exposure positions (at 260 ircn spacing) over the source can be preset, so
that the total exposure time remains constant. A home switch is provided to
return the table from any position, and a stop switch will freeze the table
movement at any time. A 1/4 HP, 3 phase motor is geared down (X900) to turn a
340 mm dia. cable wheel. The table top is then moved by cable, winding in the
clockwise or anti-clockwise directions. Table cycle time is reproducible to
better than 1 second in 420 (0.2%). Some problems were initially experienced
with interference between 3 phase switching at the logic circuitry. However,
this has been overcome with the current design.

We are grateful to A. Dalton for assistance in the provision of electron-
ics and siting, to P. Noon for table fabrication and to P. Wright for safety
assessment.
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Abstract

The Melbourne Proton Microprobe has been used to study the copper content
in human skin fibroblast cells derived from patients with the genetic disease
Menkes Syndrome. Both normal and diseased cells have been studied to
investigate any elemental differences occurring between the two cell types.
This paper details the preparatory techniques necessary for individual cell
analysis and presents the elemental information with a new three dimensional
contour mapping technique. These maps are used to highlight elemental
differences between normal and mutant fibroblasts. The work also confirms the
expected copper excess found in the Menkes cell and indicates that the
microprobe can be used for rapid identification of a Menkes carrier.

1 . Introduction

Menkes Syndrome is an X-chromosome linked genetic disease associated with
abnormal copper levels in the body. It has been found from previous work that
increased copper levels exist in skin fibroblast cultures taken from Menkes
sufferers (1). This study was initiated to determine the localization of this
raised copper content within the cells, and to assess the suitability of using
microprobe techniques to rapidly identify Menkes sufferers and carriers of the
disease. As an adjunct to this work the distribution of other biologically
significant elements within the cell were investigated.

Bulk measurements on fibroblast populations indicated that there was on
average a 5 to 10 fold difference between the copper concentrations in normal
fibroblasts and those in mutant Menkes fibroblasts. The bulk measurement
cannot provide information on the elemental levels in individual cells, hence
such a measurement is unable to identify a Menkes carrier who will have both
normal and Menkes cells. The bulk sample also takes many weeks to prepare
thereby extending the diagnostic period to an undesirable length. Electron
microprobes lack the trace elemental sensitivity necessary to perform an
individual cell analysis for copper, however the proton microprobe has the
requisite sensitivity and resolution.

Fibroblast cells are associated with connective tissue and consequently
their shape is variable; most often a healthy cell will assume an elongated
spindle shape that can be up to 160 \an long and only 25 van wide. Cell
thickness is usually found to be of the order of 1 um.

The elemental analysis was performed on the Melbourne Proton Micro-
probe (2) (MP) with a 3 MeV proton beam focused to 3 pm .
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2. Target Preparation and Experimental Technique

A 30 pi droplet of fibroblast cells in suspension was placed on ultra-
clean thin nylon foil suspended across a Hostaphan holder. The cells were then
grown in a culture medium for five days. Before microprobe analysis the cells
were thoroughly washed in an ammonium acetate buffer then immediately quenched
in liquid nitrogen and freeze-dried at a vacuum of 5 x 10~7 Torr for 24 hours.

Each nylon foil supported many hundreds of fibroblast cells, allowing for
careful selection of healthy cells by optical microscope. After the selection
of a suitable individual target cell the proton beam was set up in a localized
scan about the cell. The beam current was maintained at ~1 nA, while X-ray
data was collected in event mode by an on line computer and stored directly
onto magnetic tape. Each cell required approximately 21/2 hours irradiation to
obtain suitable statistics for the trace elements.

3. Results and Discussion

The X-ray microanalysis was sensitive to elements heavier than and
including Si. Both normal and Menkes fibrob.lasts were found to contain P, S,
Cl, K in significant quantities and trace levels of Fe, Cu, Zn. Calcium was
also present but the amount could not be determined accurately due to the
strong background that resulted from a high potassium concentration.

Figure 1 show both two and three dimensional maps of phosphorus and copper
for a normal fibroblast cell grown in a normal culture medium (N18). The maps
were formed after smoothing each data point with a gaussian representation of
the beam spot. Phosphorus provides a good indication of the position of the
cell membrane as it was found throughout the entire cell region. Each contour
in the two dimensional map represents a change in the phosphorus X-ray counts
by an amount that is equal to 20% of the maximum number of phosphorus counts
collected for that cell. The two dimensional phosphorus maps provide a good
representation of the physical shape of the call and highlight the position of
the cell nucleus. In the three dimensional phosphorus map each contour
represents a change of 2% of the maximum number of phosphorus counts. The
copper map for this cell has each contour at 0.02% of the maximum number of
phosphorus counts. Statistics for the copper map of this cell is low
preventing conclusive decisions being made on the localization of copper within
normal cells.

The three dimensional phosphorus maps of all the cells are normalized to
the same value (50 contour intervals), and the respective copper maps are
presented relative to the normalized phosphorus values. This allows a direct
comparison between the height of the copper peaks found for each cell type.
Phosphorus is the element most suited to this normalization as the intensity of
the phosphorus X-rays strongly correlates to the cellular mass under the
beam (3).

Figure 2 shows two and three dimensional maps for a Menkes Fibroblast
grown in normal culture medium (M26). The three dimensional copper map shows a
marked increase in the intracellular copper concentration above that obtained
for the normal fibroblast under the same conditions. This indicates that the
microprobe can be used to determine the genetic status of a fibroblast culture
taken from a suspected Menkes carrier.

Figure 3 shows two and three dimensional maps for a Merikes cell grown in a
culture medium with a copper content 100 times higher than the medium used for
the other two cells. The three dimensional copper maps shows that the Menkes
cell will absorb higher levels of copper when placed in this environment.
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ABSTRACT The elements Ni, Co, Cu, Zn, Cd and Th can be incorporated into the
structure of goethite in greater amounts than U (as U0£ ). These elements cause
significant changes in the morphology and d-spacing of the goethite. The
concentrations of Zn.Cd, and Th in the goethite were analysed by X-ray spectro-
scopic analysis in the electron microscope.

PROBLEM The incorporation of radionuclides and trace elements into iron oxides
is an important mechanism leading to immobilization during weathering (1,2). It
is well known that natural goethites contain Al , but less is known about the
effect of incorporation of the transition elements and actinides. This paper
reports studies on the incorporation of Ni, Co, Cu, Zn, Cd, Th and U into
synthetic goethite.

METHODS Substituted goethites were prepared from iron nitrate solutions con-
taining 10% by weight of the foreign ions. The ions were co-precipitated with
Fe as ferr ihydr i te which was then aged at 70°C in NaOH (0.7M^) for 7 days. The
metals incorporated into the crystals were then immediately determined by ct-
spectrometry (U, Th) and atomic absorption spectrometry after removing exchang-
eable ions with O.lMCaC^ at pH 4.0. The composition of some of the prepar-
ations was also determined using energy dispersive analysis of x-rays in a JEOL
JEM-100C electron microscope. Changes in the d-spacings of the goethite were
measured by x-ray diffraction and the crystal thickness perpendicular to a given
hkl plane was calculated using the Scherrer equation (3).

DISCUSSION AND CONCLUSIONS Table 1 shows that the metal (M) to Fe mole ratio in
the goethites was greater than in the solution for Ni, Co, Cd and Zn with Cd
only being marginally less. Somewhat less Th was incorporated into the crystal
than was present in solution and less than half of the U was present in goe-
thite. Almost all of the Fe was converted into goethite in the pure and the U
systems. The percentage of Fe precipitated decreased from 91 for the Cd system
to 43 for the Ni. The smaller yields of Fe as goethite must be due to the
increasing distortion of the crystal induced by incorporation of Th, Cd, Cu, Co
and Ni. Copper was unique in that it induced the formation of both goethite and
hematite.

Clear well resolved x-ray energy lines were only detected for Zn, Cd and Th
goethites. Ni and U were not detected while Co over lapped with Cu which came
from the specimen grid. For quantitiative analysis of the metals the relation-
ship lM/Ipe = k x C^/Cpe was used where I denotes the integrated counts in the
peak and C the concentration of Cd and Fe respect ively , k being determined as
having the value 0.191 s.d. 0.01 from independent analysis of the specimen.

The pure goethite consisted of twinned lath shaped and acicular crystals
(Fig. la). The twins are normally composed of two laths; with some star shaped
twins consisting of six unevenly formed laths with re-entrant angles of 60°. The
U-goethite showed nearly the same distribution of laths, stars and acicular
crystals as the pure goethite whereas the Th-goethite only contained irregularly
shaped stars (Fig. Ib). The addition of Cd and Ni gave acicular crystals as the
dominant type with only a few laths and twins. Zinc and Co-goethites were
entirely of acicular type (Fig.lc). In the presence of Cu about 70% hematite and
30% goethite formed in compound stars with hexagonal hematite crystals as the
centre and up to 6 laths of goethite as arms (Fig.Id).

When the crystals are un i fo rm in size and shape, as for the Co- and Zn-
goethites, values of crystal dimensions can be calculated from the line broaden-
ing in the x-ray diffraction pattern. A mean thickness perpendicular to the 110
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plane of 0.009um was calculated for both Co- and Zn-goethites (Table 2), which
compares well with the thickness of about O.Olum determined from the electron
micrographs (Fig. Ic).

The foreign elements incorporated into the goethite changed the d-spacings
of the crystals as shown in Table 2. Most of the elements (Ni, Cu, Zn and U)
caused some increase in the d-Qi spacing while Cd had a much greater e f fec t
because of its much larger crystal radius. Although much bigger than Fe, Th and
Co ions respectively caused a small and a large reduction in the d-Q-, spacing.
In the case of Th this may be due to its t e t rava lency ; the Co is oxidised to
Co^-*--"-' during preparation of the goethite, so its crystal radius will be iden-
tical wi th that of Al (53pm). The linear dependency of the dm spacing on the
Cd/Fe mole ratio is shown in Fig.2 which shows that the effects of the foreign
elements is determined largely by the size of the ion and its mole ratio to Fe
in the crystal.

These findings are consistent with the observed preferential incorporation
of Th over U into naturally occuring iron oxides.

Table 1. The mole ratios of the fore ign e lement to iron before and a f te r
goethite preparation and the percentage of iron cyrstallized as goethite.

Metal

Ni
Co
Cu
Zn
Cu
Th

M/Fe mole
Solution

0.106
0.105
0.098
0.095
0.055
0.027

ratio
Crystal

0.123
0.123
0.119
0.108
0.054
0.024

mmol M
8"1

1.00
1.03
1.11
0.93
0.55
0.24

% Fe in
Crystal

43
50
68
49
91
86

Mineral

Goethite
Goethite

Hematite/G
Goethite
Goethite
Goethite

0.026 0.010 0.11 98 Goethite

Table 2. Mean crystal dimensions perpendicular to the plane 110, d-spacing of
the plane 111 and crystal radii of the metals.

Goethite Crystal d-Q^ Crystal radii
size nm nm pro

53

Pure
Ni
Co
Cu
Zn
Cd
Th
U

16.9
20.2

9.2
33.9
9.2

21.9
32.4
23.1

0.2448
0.2449
0.2438
0.2449
0.2454
0.2462
0.2447
0.2452

Fe(H) 64
Ni.(H) 69
CoQH 72 Co
Cu (II) 72
Zn (II) 74
Cd^11) 97
Th(IV) 104
U02(II)>200

REFERENCES
1) Norr ish, K. H. 1975 Geochemistry and minera logy of trace e lements , in
A.R.Egan and D.J.Nicholas (ed), Trace e lements in soil-plant-animal sys-
tems. Academic Press.

2) Schwer tmann, U and R.M.Taylor, 1977 Iron Oxides, in J.B.Dixon and S.B.
Weed (ed), Minerals in soil envi ronments . Soil Sci. Soc. Amer. Mad i son ,
Wisconsin.

3) Klug . H.P. and L.F. Alexander , 1959 X-ray d i f f rac t ion procedures. John
Wiley and Sons, New York. Chapter 9, pp 530-538
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Figure 1. Transmission electron micrographs of (a) pure goethite; (b) Th-
goethite; (c) Zn-goethite; (d) Cu-hematite/goethite (bar equals 0.5ym).
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Figure 2. dii^-spacing of Cd-goethite as a function of the amount of Cd.
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Abstract

This review paper summarises results of ion optics development work
conducted on the Melbourne Proton Microprobe (1) and the associated Pelletron
accelerator. The properties of a field ionization ion source have been
investigated with the aim of replacing the existing R.F. ion souce in the
accelerator in order to obtain a brighter beam for the microprobe. The
electrostatic emitter lens in the terminal of the accelerator has also been
investigated with the aim of improving the focus of the accelerated beam.
Finally, the aberrations of the probe forming lens system have been studied and
it is shown how some of these may be corrected with an octupole lens.

1. Introduction

The existing Melbourne microprobe consists of four magnetic quadrupole
lenses arranged in a configuration known as a Russian antisymmetric quadruplet.
The beam is provided by the Melbourne University, School of Physics Pelletron
accelerator. The lay-out of the complete system is shown in figure 1. For PIXE
work with the existing configuration the best resolution obtainable is 0.5 vm.
However this can only be obtained by closing down all the diaphragms in the
microprobe beam line with the result that the beam current on target is limited
to approximately 10 pA. This would result in unacceptably long scan times to
collect sufficient induced x-rays to build up an elemental distribution map of
the target. A resolution of 1 urn results when the diaphragms are opened to
increase the current to 100 pA to reduce scan times to a practical level.

The general aim of the beam optics development work has been to improve
the resolution of the microprobe or to increase the beam current on target
without significantly degrading the resolution. The resolution depends on the
size of the focused beam spot on the target and the beam current for a given
resolution depends on the brightness of the ion source. Within the accelerator
the components that have been the subject of most study have been the ion
source and the emitter lens that conveys the beam from the ion source to the
acceleration sections. On the microprobe beam line itself, the quadrupole probe
forming lens system has been studied with the aim of correcting the spherical
aberration with magnetic octupole corrector lenses.

ION SOURCE
EMITTER LENS

TERMINAL

— p*Q i
To Bias Supply ( = 20 kV )

PROBE FORMING

LENS SYSTEM

ACCELERATION SECTIONS

ENERGY ANALYSING

MAGNET

TARGET

Cathode

Fig. 1: A schematic diagram of the Pelletron
accelerator and micro-probe (MP) beam line.

/ \\' v Differential Pumping Aperture
High Vacuum Region

Fig. 2: A schematic diagram of
the field ionization ion source.
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2. The Ion Source

The present ion source in the Pelletron accelerator is a modified Ortec
R.F. ion source. The properties of this source have been investigated on a test
bench. As expected from experience in operation of the Pelletron accelerator,
the stability of the current output for this source was very sensitive to the
source operation parameters. The microprobe requires a stable ion source that
has a very small energy spread of the emitted beam. The energy spread of the
R.F. ion source is approximately 70 eV (2). This is undesirably large because
of the resulting chromatic aberration introduced by optical elements
downstream. A figure of merit for ion sources is the physical brightness
defined by:

B = I /(iT2a2r2V )
s s s s

where Is is the current output of the ion source,
a is the half divergence of the beam,
s
rg is the half spatial extent of the effective source

and V is the energy of the beam.

For microprobe applications it is desirable that the brightness of the ion
source be as large as possible. This enables small beam limiting diaphragms to
be used in the microprobe lens system, with a consequent improvement in
resolution from reduced divergence dependent aberrations. The R.F. ion source
was found to have a brightness of approximately 5 Amprad~2m~2V~^ with an output
current of typically 10 yA. With the R.F. ion source installed on the test
bench numerous changes were made to the source geometry in an attempt to
improve the brightness. However no dramatic improvement was observed.

It was known that a field ionization ion source (3) had the potential to
provide a beam of extremely high brightness. These sources have a very small
emitter with a small radius tip biased at a high voltage immersed in hydrogen
gas (see figure 2). Field ionization occurs at the tip which provides a virtual
source of protons with very small r . Consequently the brightness is large. A
prototype of such an ion source was designed and constructed (4). The
experimental properties of the prototype field ionization ion source were
investigated on the test bench. It was found that the ion source produced a
brightness of 1Q-1 Amprad~2m~2V~1. The energy stability was calculated to be
approximately 4 eV. This represents a significant improvement over the R.F. ion
source, however the maximum beam current that could be obtained from the source
was 21 nA. This is more than adequate for use in a microprobe. On an
accelerator dedicated to microprobe use, such an ion source may have practical
application.

3. The Accelerator

The Pelletron accelerator may be considered to be essentially a three lens
system. The first lens in the Pelletron system is the emitter lens that conveys
the beam from the ion source to the acceleration sections and the second lens
is the acceleration sections themselves. The final lens is the energy analysing
magnet. Ideally the system would produce a demagnified image of the accelerated
beam from the ion source at the entrance of the microprobe beam line that is
free from aberrations. The first order properies of the acceleration sections
and the energy analysing magnet have been investigated, but most work has been
done on the emitter lens.

Best use can be made of a high brightness ion source by highly magnifying
the beam with the emitter lens. This has the advantage of reducing the
divergence dependent aberrations of the acceleration sections, and can also be
expected to reduce the effect of transverse vibrations of the accelerator which
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can degrade the resolution of the microprobe.

The emitter lens consists of several annular electrodes. Such lenses may
be studied by finding the potential distribution within the lens and then
tracing rays through the lens system to determine the characteristics of the
image.

The electrostatic potential distribution obeys Laplaces equation.
Analytical solutions for practical lenses are difficult to obtain, but a number
of numerical techniques have been developed (5). A computer program developed
by Munro (6) has been applied to the present emitter lens. In this program, the
lens is divided into a variable sized mesh. The size of the mesh depends on the
local complexity of the lens geometry. The potential is then calculated at all
points on the mesh from specified boundary conditions using the finite element
method (7).

Once the equipotentials are known within the lens paraxial ray
trajectories may be calculated by integration of a paraxial ray equation. The
aberrations of the lens may then be calculated from standard integrals of
Scherzer (8). The result of applying this proceedure to a three element lens is
shown in figure 3.

Fig. 3: Equipotentials and raytraces
through a 3-element emitter lens
from the ion source aperture (left)
to the acceleration sections (right),

Heavy lines: Electrodes
Light lines: Equipotentials
Dashed lines: Raytraces

The present emitter lens system in the pelletron accelerator consists of a
4-element (zoom) lens which may be used to focus the beam from the exit
aperture of the ion source onto the velocity selector aperture which forms the
entrance to the accleration sections. The 4-element lens has the advantage that
it has many degrees of freedom which permits the focus to be achieved for a
wide range of ion source parameters, the optimum ion source parameters having
been selected to maximise the beam current provided by the ion source.

It is desirable for the Pelletron three lens system to have the greatest
possible demagnification magnitude so that the smallest possible demagnified
image of the ion source is presented at the object diaphragm of the microprobe
beam line with the consequence that the most beam current enters the beam line.
Since the demagnifications of the two major components of the Pelletron system,
the acceleration sections and the energy analysing magnet, are fixed it would
be desirable to operate the emitter lens so that it had a long focal length in
which case the overall system demagnification would be large. However it was
found that the chromatic and spherical aberration of the 4-element lens
increase with focal length. This problem would be compounded because the
proposed field ionization ion source produces a beam of large divergence which
would make these divergence dependent aberrations dominant. Therefore the
emitter lens should be operated with a short focal length which was found to
offer the best compromise between aberrations and demagnification.
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The present 4-element lens is relatively weak owing to the large electrode
bore radius and hence short focal lengths are difficult to obtain because of
the large electrode voltages required. To overcome this problem an alternative
emitter lens that consists of 3 elements is under investigation. This lens is
based on a design of Orloff and Swanson (9) and has particulary low aberrations
which may make operation with a long focal length feasible.

The lens is particularly suitable for use with a field ionization ion
source because it can focus 10 kev ions from the ion source with readily
attainable electrode voltages.

4. Microprobe Beam Line

The resolution of the microprobe is determined by the first order
demagnified image of the object diaphragm together with the divergence
dependent aberrations. The divergence dependent aberrations are limited by the
aperture diaphragm. At the expense of degrading the resolution, more beam
current could be provided on target by opening the object diaphragm or the
aperture diaphragm. The decrease in resolution caused by opening the object
diaphragm could be avoided by moving the probe forming lens system closer to
the target to increase the demagnification magnitude. However the lens system
already operates at the closest possible distance to the target that still
allows room for the scan coils and the Si (Li) detector used to detect the
induced x-rays. An alternative approach is to open the aperture diaphragm and
correct the divergence dependent aberrations which then become significant.

The most significant divergence dependent aberrations in a microprobe lens
system are: (i) chromatic aberration, (ii) parasitic aberration (from
mechanical misalignments) and (iii) spherical aberration. In principle
chromatic aberration can be minimised by improvement in the accelerator energy
stabilisation,, although it is also possible to design combined
magnetic/electrostatic lenses that are insensitive to beam energy variations
(10). In principle parasitic aberration can be reduced by careful construction
and alignment of the lens system. Spherical aberration, which depends on the
cube of the beam divergence (unlike the chromatic aberration which depends
linearly on the beam divergence) can only be reduced by octupole corrector
lenses inserted into the quadrupole lens system.

The divergence dependent aberrations of the MP lens system have been
studied with the grid shadow method (11), (12). This method has previously been
extensively applied to electron lens systems. The method involved placing a
fine grid (period 12.5 urn) in the image plane of the lens system and
observation of the shadow pattern cast onto a screen downstream (see figure 4).
This method is much more sensitive than direct visual observation of the image.

EXTERNAL STEREO-ZOOM

MICBDSCOPE

EYEPIECE

REAR

WINDOW

Fig. 4: The experimental setup used
to apply the grid shadow method for
the study of aberrations in the MP
system. The target was a fine grid
of period 12.7 urn. The scintillations
caused by the shadow patterns were
observed on the rear window of the
target chamber.

XT nlCROnETER STAGE
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Techniques have been developed to calculate the grid shadow patterns
expected for single quadrupole systems which suffer from any type of
aberration. Figure 5 shows calculated grid shadow patterns for thr- HP
quadrupoles as well as two typical experimental grid shadow patterns.
Comparison of the experimental and theoretical patterns reveal that the
quadrupoles suffer from parasitic sextupole aberration. The parasitic
aberration is probably due to mechanical misalignments and the grid shadow
pattern could be used as a guide while adjustments to the lens geometry are
made to eliminate the parasitic aberration.

The grid shadow method can also be applied to the quadruplet. Some
theoretical and experimental patterns are shown in figure 6. The experimental
patterns show curved grid bar shadows resulting from the spherical aberration
of the quadrupole lens system. The experimental patterns also show distortion
owing to the parasitic sextupole aberration previously observed in the single
quadrupole systems, however most of the pattern is in good qualitative
agreement with the theoretical patterns which were calculated with the
assumption that the quadrupoles suffered from only spherical aberration.

Three octupole lenses were designed and built with the aim of correcting
the spherical aberration of the quadrupole quadruplet. Attempts to use the
three octupoles to correct all spherical aberration of the quadrupole
quadruplet have so far not been successful owing to the presence of the
parasitic sextupole aberrations in the quadrupoles as well as limitations in
the experimental arrangement that have prevented the octupoles from being
accurately aligned with the axis of the quadruplet. However preliminary results
show that a single octupole can be used to correct most of the spherical
aberration as is shown by the experimental grid shadow pattern in figure 7. In
this case complete correction of spherical aberration is attained when the grid
shadow pattern resembles an undistorted grid, figure 7C. Remaining distortion
is due to fifth order aberration.

No aberration Lens defocus Sextupole Skew sextupole Octupole

Fig. 5: Theoretical grid shadow patterns for a single quadrupole showing the
effect of parasitic superimposed multipoles. The grid was assumed to be rotated
slightly relative to the line image of the quadrupole.

(right) Experimental grid shadow
patterns of two quadrupoles in the
MP system. From a comparison with
the theoretical patterns the
quadrupoles can be seen to suffer
from small amounts of parasitic
sextupole and skew sextupole
aberration.
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5. Conclusion

Before any of the results from the three main study areas can be applied
to the microprobe on a routine basis more work is required. However, if
resolution of the microprobe is to be improved to below 0.5 pm with useful beam
current for PIXE work, then at least one or more of the improvements discussed
here will need to be made to the existing system.

.« a » k•„

» m i
• » „ . aj

1 mm

Fig. 6: Experimental and theoretical
grid shadow patterns of the MP system.
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MULTI-ELEMENTAL ANALYSIS TECHNIQUES AT LUCAS HEIGHTS

D.D. Cohen
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Private Mailbag Sutherland, NSW 2232, Australia.

The Applied Physic Division at the AAEC together with A.I.N.S.E. have been
involved in multi-elemental analysis, of a wide variety of samples, for over a
decade now. During this time we have been collaborating, on average, on over 30
different projects each year. These projects originate from university
departments, institutes of advanced education and research laboratories from all
over Australia. In this short article we will try to give a feel for the wide
range of multi-elemental analysis techniques available at Lucas Heights.

THE FACILITIES: At Lucas Heights we have a 3MV Van de Graaff positive ion
accelerator capable of accelerating protons, deuterons, helium and other heavier

ions. DC beams up to hundreds of mlcroamps as well as 3ns pulsed beams are
readily available. A description of the beamline set up has been given in

another paper at the conference. Currently there ar«i 12 beamlines of which 7
are dedicated to applied research and the rest to fundamental nuclear physics.

Also within the same building there is _a lOOkW reactor, MOATA, capable of
producing 1.2x10 thermal neutrons cm s . Two irradiation facilities exist

in the maximum flux region for small volume irradiations whilst for large volume

irradiations, positions in the external reflector (5x10 ncm s ) and thermal

columns (10 -10 ncm s ) are available.

THE TECHNIQUES. PIXE/IIIXE; Particle/Heavy ion Induced X-ray Emission is a fast
non- destructive multi-elemental analysis technique. We have used both protons

and helium ions to induce characteristic X-rays in samples. The range of these

ions in most materials at 3 MeV is ^lOOum, making this a surface, not a bulk
analysis technique. The technique is capable of analysing a sample for 30 or
more elements simultaneously in a few minutes of running time. Up to 250

samples a day can be run automatically if necessary. Elemental concentrations
from a few ugg to 100% are detectable under favourable conditions for elements
from Na to U. The group at Lucas Heights have pioneered thick target PIXE/HIXE
analysis and we now have extensive data bases for analysis which covers protons
and helium ions from 100 keV to 10 MeV for both K and L shell X-rays. We can
also graphically simulate PIXE/HIXE spectrum for a sample for most combinations
of elements in any matrix. In Fig.l we show a typical PIXE spectrum obtained
from crushed chaeton teeth together with the fit produced by one of our analysis
packages. The major peaks (Fe etc) correspond to concentrations of a few
percent by weight while the minor peaks (Cu etc) to only a few ugg

RBS: Rutherford Backscattering is also a non destructive multi-element analysis
technique, mainly used when elemental profiles as well as concentrations are
required. Helium ions have better depth resolution (few tens of angstroms) than
protons, but protons can supply information from much deeper (<100um for 3 MeV)
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in the sample than helium ions (̂ lOum for 3 MeV). A typical RBS spectrum for
0.090um of Au/Ni/Ge alloy contact on GaAs is shown in Fig.2. The fitted
spectrum is also shown together with the contributions from each of the elements
to the total spectrum. We have fitting routines capable of fitting both proton
and helium ion RBS spectra for a variety of matrices containing elements from Li
upwards. The position of each step is determined by the mass of the scattering
atom and the height is a measure of the number of scattering atoms in the
sample. RBS has better mass resolution for the lighter elements (usually C,0,N
etc) but is ideal for thin layers of heavy elements over a lighter substrate.
Concentrations of trace elements down to a few ugg and up to 100% are
detectable under favourable conditions.

FERA: Foward Elastic Recoil Analysis is similar1 to RBS except the input ion mass
is larger than the target atom mass and with glancing input ion angles the

lighter recoiled sample atom may leave the sample surface. This technique is
most useful for profiling surface hydrogen on samples using helium or heavier

input ions. Computer programs are available for analysis of H profiles in a
variety of target matrices using FERA.

PIGME: In ar, ion induced nuclear reaction the ion combines with the nucleus of
the sample atoms producing compound nuclei which then break up producing X-rays.

This is sometimes referred to as Particle Induced /-ray Emission (PIGME).

Incident ions can be protons, deuterons or heavier ions, much of our work to

date has been done using (p,/) reactions. For multi-elemental analysis
reactions with hJ^gh cross sections must be used, this favours the lighter

isotopes such as Li, N, F, Na, Mg and AI. Fig. 3 shows a typical

PIGME spectrum for an obsidean glass sample obtained in just a few minutes of
machine running time. Again the energy and the number of /-rays specifies the

element present and its concentration. We also have /-ray pulse height analysis
programs (PTANAL) and considerable data bases for reactions and reaction cross
sections for the PIGME technique.

PINRA: Particle Induced Nuclear Reaction Analysis is similar to PIGME except the
reaction products are other nuclear particles rather than /-rays. Again proton,
deuteron and other heavier ion Induced reactions are possible. One such
reaction receiving considerable attention at present is the 0(p,(O N

reaction for studying 0 levels in water. Fig. 4 is the measured cross
section for the 846 keV resonance in this (p,c() reaction. Other particle

for 6Li, l B, N
isotopes. Reactions

with resonances, like the one shown in Fig.4, are also useful for depth
profiling of these isotopes, as the input ion energy can be adjusted so that the
resonance effectively samples different depths within the sample.

^ & f ^ '

induced nuclear reactions that are commonly used are (d,c()
and 0; (d,p) for 3He and ' C; and (d,t) for Be ii

NAA: Neutron Activation Analysis is available on MOATA and is routinely used for
Na,Fe,Cr,Co, Ta,Se,Ba, Cs.Rb.Hf rare earth and Th and U analysis. The isotope
being studied is activated by neutrons (usually thermal) from the reactor,
producing radioactive isotopes which have known halflifes and /-ray energies as
their decay products. A measure of these /-rays identifies the element and its
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concentration in the sample. Samples from 0,2 to 0.5g in batches of 35 are

automatically counted and analysed. Concentrations down to O.Sugg are readily

obtained with +10% precision under favourable conditions.

Other uulti-elemental analysis techniques are available at the AAEC these
include XRF.ICP and FES to mention just a few. The facilities quote here are

part of the Applied Physics Division.

CHITON

TCETH

E 2.5 MEV

ZN

0 0 ? 0 l.O 6.0 8.0

X-RAY ENERGY (KEV).

FIG.l

. :l\ , i:
10.0

i.o

o.s

o.o
?00 300

CHANNEL

FIG.2

F I G . 3 FIG.

JM

3 II

440 k fV ' ' '
No

Kl

LOW ENERGY SPECTRUM

511 ktV Ep . 2 5MtV
Ann.hillll.on l63

N°0
krV I . .O««A

' IOl3krV t » 5 mm
At

» 200 300 400 5 0 0 - 6 0 0 700
CHANNEL NUMBER

i . i

846 kcV RESONANCE IN
1-2

1-0

LJ 081/1
V)

8
g 06

600 900 1000 MOO 1200 1300 I4OO 1500
CHANNEL NUMBER

PROMPT NUCLEAR ANALYSIS OF OBSIDIAN

ER = 846 keV
f =47keV

. rL =49-5keV
[̂  =44'5kcV

DCL = 0-25
DCH'0-10
" A Amscl (1967) 165°
• LOrcnz (1979) 135°
o Cohzn (1984) 40°

fit

00
0-60 0-70 0-80 0-90

PHOTON ENERGY (MaV)

1-00



120

THE SCATTERING OF LOW ENERGY HYDROGEN IONS

FROM SINGLE CRYSTAL SURFACES

R.J. MacDonald and D.J. O'Connor

Department of Physics

University of Newcastle

N.S.W. 2308

When hydrogen ions with energy in the region of a few keV interact with a
polycrystalline surface, the resultant energy spectrum of scattered ions at some
scattering angle 6 consists of a broad peak with a cutoff on the high energy side
corresponding to ions scattered in a binary collision with surface atoms,
according to

where EI is the energy of a hydrogen ion scattered from an incident energy E
through angle 6. M2 is the target mass and of course MI = 1. The broadening
to low energies indicates that the ions scattered from below the surface are
not all neutralised, as is the case with low energy He"*" for example, but are
emitted in ionised states after traversing some distance in the solid. Whether
the ion travels in the solid in an ionised state, or whether it is ionised in the
exiting transition through the surface is not known.

-Hydrogen scattering also differs from the scattering of other ions in that
both H"*" and H~ are formed in the scattering event. The H~̂ " and H~ both have very
similar energy spectra and react similarly to varying the incident direction
relative to a single crystal target.

When the target is a single crystal, the energy spectra of scattered ions
for incidence along high index directions is very similar to that observed for
polycrystalline targets. When the incident beam is aligned with a low index
direction however, the ion yield decreases due to channeling, though the energy
spectrum shape does not change a great deal. If the analyser is also aligned
with a low index direction, so the experiment has the so-called "double-alignment"
configuration, the yield is reduced, but the energy spectrum sharpens into a peak
corresponding to ions scattered from the surface layer atoms, and a lower yie.'J,
broad lump at lower energies correponding to scattering from subsurface atoms.
This surface peak is very sensitive to adsorption and possibly to reconstruction
or relaxation of surface atoms on clean surfaces. Thus low energy hydrogen
scattering in the double alignment configuration from single crystal targets
provides the opportunity to study surface structure.

This paper will describe a series of experiments with the aim of studying
hydrogen scattering and its application to surface structure analysis. The
experiments are preliminary, but we can report on

(i) comparison of the energy spectra of H and H formed in the scattering
event

(ii) observations on the structure of clean and oxygen covered Ni(llO)
surfaces

(iii) observations of the effect of target temperature on the simple surface
scattering peak
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(iv) some data may be available on the effect of the molecular state
of the incident ion i.e. H+, H2 > or H3

+ on the scattering
parameter

(v) observations of sub-surface damage due to heavier ion bombardment,
using the double alignment scattering of H+ as a probe (this work
involves collaboration with Drs R. Elliman and S, Donnelly of
CSIRO Chemical Physics)

(vi) a significant reduction in the neutralisation of scattered H"1" ions
due to the adsorption to submonolayer levels of CO molecules.

This work represents the first detailed study of scattering of low energy
Hydrogen ions in the double alignment configuration and the results to be presented
demonstrate the many possibilities of studying various properties of single crystal
surfaces, using such a probe.
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OXIDATION OF SUPERFICIAL STAINLESS STEELS

P.J. Osborne*, 0. Spillecke**, P.J.K. Paterson*

*Department of Applied Physics

Royal Melbourne Institute of Technology

**Fritz-Haber Institute der M.P.6.

ABSTRACT

In this work ion implantation produced a series of stainless steel
surfaces in both pure iron single crystals and polycrystalline foils
which matched the bulk concentrations of several commercial grade
stainless steels. The resulting AES depth profiles from oxidized
surfaces clearly showed the preferential oxidation of the three metal
species with the superficial stainless steel surfaces paralleling the
composition and oxidation resistance of the surfaces of the bulk alloys.

INTRODUCTION

The process of oxidation, even in the case of pure metal is a complex
phenomenon that depends more upon the solid state physical mechanisms
than upon the chemistry. The nucleation and epitaxial growth of an
oxide film, mechanical stresses dependent upon crystallgraphic
orientation as it thickens, migration of anion and cation species, defect
creation and clustering a l l play a part. Alloys present many
complications due to differential oxidation rates and atomic migration.

Ion implantation into metals to produce oxidation/corrosion resistant
surfaces is an area of considerable activity (Ashworth et al, 1982).

In principle the implantation of Cr and Ni-ions into a pure Fe substrate
could produce (under appropriate conditions) oxidation-resistant surfaces
leaving the bulk mechanical properties unchanged. Ion-implanted layer
can be well controlled in composition and the subsequent migration of the
foreign atoms can be followed during oxidation by a variety of modern
analytical techniques (some involving ion beams), allowing a detailed
study to be made of the transport processes involved.
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EXPERIMENTAL TECHNIQUES

In this work ion implantation produced a series of stainless steel
surfaces in both pure iron single crystals and polycrystalline foils
which matched the bulk concentrations of several commercial grade
stainless steels. Most of the surface analysis was carried out using
AES and Ar ion sputtering in both a Varian 10 keV system and a Vacuum
Generator HB50A AES system. Oxidation took place at room temperature
with oxygen exposures varying from 10 Langmuir to two weeks at
atmospheric pressure.

The samples analyzed were from the following groups:

(1) iron foils, crystals (99.999% pure) mechanically
polished, electropolished then ion implanted;

(2) Commercial stainless steel alloys, mechanically
polished.

Ion implantation was carried out at 40 keV where the mean range Rp of Cr
and Ni-ions is calculated using program TRIM (developed by Biersack and
Haggmark, 1980). This gave Rp to be 4.5 nm for Cr and 12.7 nm for Ni
with standard deviations, ARp of 7.0 and 6.13 nm respectively. For
both implants the flux density was" 1.25 nA/cm with sample temperature
less than 70°C above ambient.

The specific samples chosen for this investigation:

(a) Cr implanted Fe with calculated average doses of
4.0, 8.0, 12.5, 20.0, 25.0 atomic %.

(b) grade 302 stainless steel (18%-Cr, 9%-Ni) and grade
310 stainless steel (25%-Cr, 20%-Ni).

RESULTS AND DISCUSSION

The commercial stainless steels (grade 302 and 310) were oxidized to
reveal the relative behaviour of Fe, Cr and Ni within a thin oxide
surface at room temperature. The concentration depth profiles obtained
for oxide surfaces produced on commercial alloys were used as a reference
to determine the effect of increasing doses of Ni and Cr-ions, implanted
into the surface of pure Fe on the oxidation resistance of the alloy
surface.

The relative behaviour of Cr/Ni/Fe/0 in an oxide film produced on a
stainless steel surface is best summarized by the normalized profiles
obtained for a pure Fe foil implanted with dual ion species of Cr and Ni
(Figure 1). The resulting profiles reveal the differential oxidation of
the three ion species. Cr plays the primary role in the oxidation of a
stainless steel surface as seen by the production of an enriched outer
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surface peak interacting strongly with oxygen to produce a discrete Cr/0
interface.

The Cr/0 interface appears to be impermeable to both inward diffusing
oxygen and, or outward diffusion of Fe and Ni ions, seen by the enriched
surface peak acting as a barrier, preventing oxygen from interacting with
Ni and Fe. The oxygen concentration level is noted to be significantly
attenuated beyond the enriched Cr surface peak. Likewise the
concentration level of both Fe and Ni is significantly reduced in the
outer surface beyond the enriched Cr surface peak.

These results demonstrate that 0, Fe and Mi-ions diffuse with difficulty
through the Cr/0 interface. The intersection of the normalized Fe{ Ni
and oxygen concentration profiles correlates with the location of the
enriched Cr surface peak.

Fe and Ni generally demonstrate identical behaviour and is the inverse of
the observed behaviour of oxygen. However Ni displays preferential
diffusion to the vacancy sites produced by Cr diffusing to the outer
surface (as seen by the production of an enriched Ni concentration peak
corresponding to a trough in the Cr distribution profile).

Figure 2 shows the characteristic behaviour observed for Cr in both ion-
implanted alloys and commercial stainless steels. For increasing doses
of Cr, the enriched surface peak is noted to shift closer to the outer
surface. The Cr concentration profiles corresponding to the ion-implant
doses of 20-25 atomic % parallel the Cr distribution for the bulk alloy
grade 302. The results highlight the effective production of simulated
stainless steel surfaces with compositions and oxidation properties
matching commercial stainless steels.

CONCLUSIONS

The resulting depth profiles clearly show the preferential oxidation of
the three metal species.

Chromium plays the primary role in the oxidation mechanism of a stainless
steel surface whether it is part of a bulk or surface alloy.

Both crystals and foils had similar oxide thicknesses.

An enriched Cr surface peak at a depth of approximately 6 nm appears to
be produced entirely by oxidation, rather than radiation enhanced
diffusion as the peak can be sputter removed and regrown by reoxidizing
the sample.

Generally, this work shows that ion implantation can produce stainless
steel surfaces with compositions and oxidation resistance parallelling
the surfaces of bulk commercial alloy.

REFERENCES
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1982. See for examples, ppl-101. 190-283.
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N o r m a l i z e d

Figure 1 : Normalized concentration profiles of a thin
oxide film produced on pura Fe (implanted with both Cr
and Ni-ions) in air at room temperature and atmospheric
pressure.
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Figure 2 : Cr concentration profiles for varying doses of
Cr implanted into pure Fe and the bulk alloy grade 302.
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MULTIPLE TECHNIQUE SURFACE ANALYSIS

G.C. Morris

Department of Chemistry

University of Queensland, St.Lucia 4067.

Techniques such as X-ray photoelectron spectroscopy, Auger electron
spectroscopy and secondary ion mass spectroscopy can be combined on the same
experimental rig to provide multitechnique surface analytic data. Since the
surface viewed by each technique is identical, a more complete analysis is
possible. A discussion of the surface sensitive analytical techniques based on
beams is first given and the important characteristics of those techniques
commonly used in multitechnique systems are summarized. The synergism afforded
by the use of multiple techniques is illustrated from a number of examples, viz,
processing details in making semiconducting thin film solar cells and problems
solved for commercial organizations.

The classical surface characterization methods of adsorption isotherms,
ellipsometry, reflectivity, microscopy provide data on pore size distribution,
thickness, surface topography, adsorbates, but few details of the chemical
composition of that surface. With the newer surface sensitive analytical
techniques, it is possible to identify the elements present, their concentration,
the variation of concentration with changes in depth, the lateral distribution of
elements across a surface, features of the chemical bonding and three dimensional
models of material surfaces*H]• A summary of the techniques to do this is given
in Table 1. Each technique has its own complex of capabilities and is a
preferred choice for certain application areas*[2]. However, the use of a. single
technique may yield incomplete surface composition data whereas several types of
data from the same surface will often substantiate or deny a conclusion suggested
by data from a single technique.

Commercial er»,Jipment with multiple technique capabilities are available and
their use in solur'on of problems illustrates a significant degree of synergism
in application of two or more techniques. The work described in this review was
done at the Brisbane Surface Analysis Facility using a Model 560 X-ray photo-
electron spectrometer (Perkin Elmer Corporation - Phi Division) with a secondary
ion mass spectrometer, depth profiling capabilities, hot/cold probe (120 K to
900 K). A multiple technique analytical computer system (MACS) controls most
system operations, provides data acquisition and storage, multiplexing and data
processing. A scanning Auger microprobe (0.7um spot size) and ion scattering
spectrometry will be in operation soon.

In any multitechnique capability, critical to the systems performance are the
ultrahigh vacuum system and the type of electron energy analyser used. Base
pressure of 10~10 torr is attainable with the ion pumps/Ti sublimation pump/cryo-
panel provided for the Model 560. A turbomolecular pump was added to evacuate
the entry lock. There has been no evidence of contamination deposition in the
sometimes lengthy studies needed using several techniques of the Model 560.
It is known that a hemispherical electrostatic energy analyser is preferred for
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high resolution XPS where small chemical shifts or changes in line profile are
being examined. For AES, a poorer energy resolution is adequate and the high
transmission cylindrical mirror analyser (MA) is preferred. In a multitechnique
system, a compromise must be reached between high sensitivity, high energy
resolution, small analysis area and no shadowing problems. In the model 560, an
electrostatic electron gun is mounted coaxially inside the electron energy
analyser which is a large diameter, three stage unit viz, a retarding grid input
and two C.M.A.'s. Transmission is about 7%. The Ag 3d % peak gives better than
106 counts per sec with energy resolution to less than 0.9 eV FWHM readily
obtainable. With the natural line width of the source deconvoluted out, a line
of 0.6 eV FWHM is obtained.

In Table 2, the present capability of each main technique on the multi-
technique system Model 560 are compared with the capability of stand alone
instruments.

Some examples from our work to emphasize the multitechnique function will
be given e.g. Fig. la shows the XPS spectra from 'clean' and 'contaminated' Al
sheet of the 'as received' surface and after removal of about 10 nm from the
surfaces. The contamination would appear to be a carbon-fluorine compound.
Secondary ion mass spectra (Fig. Ib) support that conclusion with a strong F~
signal being detected from the contaminated sample.
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TABLE 1: SUMMARY OF SOME SURFACE SENSITIVE ANALYTICAL TECHNIQUES BASED ON BEAMS

Beam In Beam Out

Photons

oo
Electrons

Ions

Photons

Fourier Transform
Infrared Spectroscopy

Laser Raman Spectroscopy

X-ray Fluorescence

Extended X-ray Absorption
Fine Structure Spectroscopy

Surface enhanced ..

Electron Microprobe

Appearance Potential
Spectroscopy

Electroluminescence

Ion Induced X-ray
Emission

Electrons

X-ray Photoelectron
Spectroscopy

Ultraviolet Photoelectron
Spectroscopy

Auger Electron Spectroscopy

Electron Microscopy

Low Energy Electron Diffraction

High Energy Electron Diffraction

Reflected Energy Electron Diffraction

Electron Energy Loss Spectroscopy

Ion Neutralization Spectroscopy

Ions

Laser Mass Spectrometry

Electron Stimulated Desorption

Secondary Ion Mass Spectrometry

Ion Scattering Spectrometry

Rutherford Back Scattering

Ion Microprobe Mass Analyser



TABLE 2: IMPORTANT CHARACTERISTICS OF SOME SURFACE ANALYTIC TECHNIQUES

p—
CHARACTERISTIC

Spatial Resolution

(10~6 m)

Sampling Depth
(monolayers)

Sensitivity:

Elements

Variation
between

Detection
limit

Quantitation:

Absolute (%)

Relative (%)

TECHNIQUE

XPS

io2

(103)

3

Z > 2

50

10-3

30

5

AES

0.02

(0.7)

3

Z > 2

50

10-3

30

5

SIMS
(static)

103

2

All

io5

io-5

No

50

SIMS
(dynamic)

50

10

All

105

io-6

No

20

ISS

io3

1

Z > 2

30

ID'5

30

10

CM
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SOME APPLICATIONS OF ELECTRON SPECTROSCOPY IN

THE SHEET METAL INDUSTRY

P.D. Mercer and R. Payling

Research & Technology Centre, Coated Products Division

BHP Steel International Group, PO Box 77, Port Kembla NSW 2505

Scanning Auger Electron Microscopy (SAM) and X-ray Photoelectron Spectroscopy
(XPS, or ESCA) are powerful, complementary techniques for the study of
industrial surfaces. Many of the technical problems encountered in the metals
industry, and particularly in the sheet metals industry, are surface or
interface related, eg variations in coating surface composition, adhesion
failure, corrosion, staining, weathering, alloy layer control and
intergranular fracture. Some recent applications of SAM and XPS to these
general areas will be considered. While surface analysis is capable of
providing a wealth of critical information, the solutions to such industrial
problems generally involve the combined efforts of a variety of experimental
techniques and industrial production experience.

1. INTRODUCTION

In a recent review, Seah [1] included a summary of the application,
world-wide, of surface analysis in manufacturing. Metal manufacturing and
metal goods figured prominently in this survey. This is not surprising when
one considers the enormous surface areas being produced each year, for
example, in the sheet metal industry. These metal products undergo complex
multi-stage industrial processing much of which interacts wi.th the particular
surface exposed during each process; moreover, the final performance and
appearance of these products are judged, at least in part, by surface
features, such as colour, gloss, surface flatness, etc. Arguably, the best
techniques, commercially available, for studying the top atomic layers of a
wide range of such industrial surfaces are Auger Electron Spectroscopy (AES)
and X-ray Photoelectron Spectroscopy (XPS).

Surfaces from industrial production are often highly complex, highly
varied, and a limited time is available for each problem. Two distinct
approaches are adopted in their analysis. In the routine, or short term,
approach, surface analysis relies on indicating compositional differences
between similar production samples which are chosen because they exhibit good
or poor performance in a critical test relevant to the problem at hand. In
such cases, it is generally not known, a priori, whether the element of
interest is to be found right at the surface or just below the surface,
because of the contribution from some later process, hence the importance of
depth-profiling. It is also generally not known whether the element is
uniformly distributed over the surface, hence the importance of Avger mapping.

The longer term approach involves the systematic study of a product
property or process through controlled experiment on-line or in the
laboratory. This approach must consider the complexity and often
inaccessibility of some industrial processes and the large number of
production variables impinging on the problem. Added to this is the relative
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slowness of surface analysis, where a full study of one complex sample with
detailed XPS, Auger mapping and depth-profiling might consume many instrument
hours.

As an example of a complex industrial process, the normal processing
sequence for painted, metallic coated, steel strip is:

i) pickling, to remove iron oxide scale in either hydrochloric or
sulphuric acid;

ii) oiling, immediately after pickling to prevent coil rusting and
assist in cold reduction;

iii) cold reduction - an emulsion of oil in water is applied to the strip
to aid lubrication and heat dissipation;

iv) metallic coating by immersion in a liquid metal bath of controlled
composition;

v) air-jet stripping, to control metallic coating thickness;

vi) temper rolling and tension levelling, to improve base steel
properties and surface flatness;

vii) a paint pretreatment process, involving alkaline cleaning, hot and
cold water rinsing, a proprietary conversion coating, and a final
chromate rinse;

viii) a multi-stage painting process, including the application of primer
and top coats, with stoving and water quenching.

A schematic representation of the final painted, coated steel sheet,
highlighting relevant interfaces, or surfaces, is presented in Figure 1. Also
in Figure 1 is a list of some general research areas, from which a few
examples of short term and long term work will be briefly described.

2. APPLICATIONS

2.1 Steel Surface

Auger analysis of steel sheet, even after solvent degreasing, shows a
complex surface, in which the exposed iron content may typically account only
for 5 atomic % [2]. Other elements detected and their likely sources are
carbon and zinc, from residual oils, manganese, silicon, aluminium,
phosphorus, and chlorine from the steel base by diffusion during annealing, or
silicon and phosphorus from residual alkaline cleaning solutions, and calcium
and magnesium from industrial rinse water. Of these, residual carbon has been
of special concern for some years, especially to the automotive industry,
because of a strong correlation between residual carbon levels on uncoated
steel and the corrosion of painted steel [2]. One possible source of residual
carbon is the formation of iron soaps between acid groups in rolling oils and
the steel. XPS chemical state plots, or Wagner plots [3], for oxygen in
carbon-oxygen compounds have shown that such iron soaps can survive closed
coil annealing, even at 700°C.
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In a preliminary study of the factors affecting the adhesion of enamel to
steel, it was found that better adhesion was related to a thinner oxide. See
Figure 2. However, a repeat study with a different enamel frit showed
variable adhesion even with thin oxides. Other factors which have since been
found to be relevant to enamel adhesion are surface carbon, silica, and steel
grade.

2.2 Alloy Region

When the steel strip enters the liquid metal bath, alloying begins between
the liquid and the steel surface. Control of this alloy growth is important
for proper coating properties and for coating adhesion. An understanding of
the alloying process requires a knowledge of tho alloy composition. This is
not always straightforward. For example, in a 55% aluminium, 43.5% zinc and
1.5% silicon coating (55% Al/Zn) the alloy region is a two phase layered
structure with a total thickness typically of 2 urn. For chemical analysis,
the individual layers must be isolated through chemical etching techniques
which may alter the composition of the layer of interest. Moreover, the
layers are generally too thin for definitive electron microprobe analysis and
depth-profiling Auger analysis may introduce artefacts through preferential
sputtering. It was found, for example, that prolonged argon ion bombardment
tended to reduce the relative zinc concentration in the alloy but less so in
the bulk metallic coating. The samples were taper-sectioned at 10° for Auger
analysis, after a light ion etch. Sectioning at lower angles was not
satisfactory because the roughness of the steel surface produced islands of
steel, alloy, or coating which then presented the difficulty of determining
the precise analysis area. Table 1 lists the AES, electron microprobe, and
chemical analyses of the two major alloy phases. The Auger sensitivity
factors were obtained by setting the AES analysis of the top phase equal tp
that of the microprobe analysis.

TABLE 1

BEST ESIMATES FOR ALLOY COMPOSITION BY VARIOUS METHODS.
IN MASS %

Top Phase Bottom Phase
Al Fe Zn Si Al Fe Zn Si

AES 54.2 31.9 7.7 6.2 56.3 36.0 4.4 3.2
Electron microprobe 54.2 31.9 7.7 6.2 43.1 48.6 6.8 1.4
Chemical 55.1 32.5 7.2 5.2 52.3 39.3 4.8 3.6

2.3 Metallic Coating Solidification

Within seconds of exiting the liquid metal bath, the metallic coating
solidifies. The solidification begins at nucleation sites at or near the
steel surface, leading to characteristic granular structures in the coating.
Recently, a 55"/i Al/Zn coating was produced with grain sizes much smaller than
usual. In the scanning electron microscope, after polishing back the surface,
a small particle, typically 2 um diameter, was discovered near the centre of
most of the small grains. Auger analysis of this particle was consistent with
the particle being a titanium/vanadium boride, a known grain refiner [4]. The
source was tracked to an aluminium stock, in which this particular boride was
calculated to be present at only 2 ppm.
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2.4 Metallic Coating Surface

The surfaces of hot-dipped metallic coatings on steel generally differ
considerably from bulk coating compositions [5]. As the metallic coating
solidifies, the constituents of the coating compete at the surface for
oxygen. For example, galvanized coatings made with 0.2 mass % bath aluminium
form an aluminium oxide surface in preference to zinc oxide. Addition of the
more oxygen-avid metal magnesium to the bath displaces some of the aluminium
oxide, with magnesium enriching the surface of galvanized steel some three
times more readily than aluminium, as determined by the ratio of surface to
bulk concentration.

2.5 Treated Metallic CoatinR Surface

A valuable method of AES analysis for monitoring total surface chromium
levels, as well as other surface elements, is integration of the area under
the chromium depth profile [6]. This is of interest in studying variations in
chromium concentration over small distances, for example, across grains or
between grains, when the standard chemical analysis for chromium requires an
area"of approximately 67 cm^.

A treated, tin coated, steel had fine scratches on the surface which were
detrimental to the product appearance. To identify which roll was responsible
for the scratching, it was necessary to know whether the scratching occurred
before or after the chromate passivation. Auger linescans across the
scratches recorded the same chromium levels inside the scratches as outside,
indicating scratching occurred before chromating.

2.6 Paint Adhesion

When studying the adhesion of paint systems to metallic coatings, it is
useful to know the location at which adhesion failure occurs. In a recent
study, paint was removed from a galvanized surface by adhesive tape following
a reverse impact test. XPS showed the underside of the removed paint
contained aluminium, zinc and chromium which had clearly been detached from
the metallic coating surface. Auger analysis of the exposed metallic coating
showed mostly zinc, with the expected mixed chromium, aluminium oxide surface
no longer present. Apparently the paint had adhered so well that separation
occurred at the more loosely bound oxide on the metallic coating surface.

2.7 Paint Surface Weathering

The natural weathering of paint surfaces involves complex processes of
chemical and biological attack and thermal and photo degradation, resulting in
subtle to gross physical and chemical changes. XPS has proven a valuable tool
in the study of polymer surfaces [?]. Few papers, however, have been
published on XPS studies of the weathering of paints; and while these papers
contain only preliminary work, the results are encouraging [8]. For example,
Takeshima, Kawano, and Takamura are confident that monitoring short term resin
degradation with XPS will provide a quick estimate of paint performance [9].

Specific areas where XPS can provide information on the weathering of
paint surfaces are i) changes in surface composition, for both organic and
inorganic paint constituents [10]; ii) oxidation and hydrolysis, by monitoring
the oxygen to carbon ratio [7, 11, 12] and the carbon peak width [7]; iii)
changes in cross-linking, by monitoring the nitrogen peak, when nitrogen
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containing cross-linking agents are used [9]; bond saturation, via shake up
satellites [10, 113; and variation in pigment concentration with depth,
through combined XPS and ion bombardment. The titanium composition
depth-profile may be particularly useful, because on unexposed paint surfaces
the titanium concentration steadily increases with depth, thus providing a
possible depth marker for paint film loss during weathering [12]. The ion
bombardment of polymers is known to create compositional artefacts under
certain conditions, so special care is required with the technique [13].

3. CONCLUSION

AES and XPS provide information on the changes to surface composition
during complex, multi-stage industrial processing, information which is
essential before an understanding of the complete operation can be obtained.
A painted, coated steel sheet contains upwards of nine distinct interfaces, or
surfaces, all of which at some stage influence manufacturing and final product
performance.
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AN EVALUATION OF COMPUTER MODELLING PROGRAMS FOR RBS ANALYSIS OF
OXIDISED SURFACES.

J. Saulitis

Materials Research Laboratories, Melbourne, Australia

ABSTRACT

The efficacy of three computer programs in analyzing nuclear
backscattering spectra is described. The parentage and the different design
approaches of the programs PROFILE, SCATT and CALC are looked at. Their
capabilities both designed and practical are examined and contrasted. Also the
working limits of the actual programs are reported.

INTRODUCTION

The Materials Research Laboratories (MRL) uses Rutherford backscattering
spectrometry (RBS) to make near-surface analyses of surfaces that have undergone
high temperature oxidation.

Three different computer programs were used to analyse such spectra
obtained from ion beam experiments. These programs use numerical integration
methods to model the scattering spectra of highly complex surfaces. They can be
used to determine the composition of thin films, surface impurities, and depth
concentration in bulk. The programs do not address the question of 'channeling'
of the ions in the crystal lattice of the sample.

The first program now designated as 'PROFILE' was originally formulated
by Joungblood in 1974. The MRL version is in Fortran 77 and is the code that has
been modified by Niiler and his co-workers to analyse results of both RBS and
nuclear reaction techniques. The second program designated as 'SCATT' was
developed around 1975 by Ziegler, Lever and Hirvonen and was originally designed
for use on semiconductor materials. The third program known as 'CALC' was written
by Dr J.W. Butler of NRL while he was a visiting scientist attached to MRL in 1984.
This program is written in the Hewlett-Packard Basic 2.0 with the AP2.0 supplement
and is designed to be run on the Series-200 Hewlett-Packard computers.

DESCRIPTION

The three programs, PROFILE, SCATT and CALC are used to deconvolute RBS
spectra by a process of successive simulations. First the user must formulate a
model, often by an inspired initial guess as to the structure of the sample.
After each run the model is modified and the program re-run. This is continued
until the model and the experimental results match. Formulating the simulation
model for the case of a uniformly homogenous target is relatively straightforward.
However, depth analysis for the case of varying concentrations can become quite
complicated. In most cases, to get a starting point, some prior knowledge of the
structure from some other form of surface analysis technique is needed.

Since the physical processes involved in nuclear backscattering are well
understood and because RBS spectrometry generates so few artifacts the analytical
programs model the process quite well. Agreement between the experimental and
theoretical spectra can be improved by taking into account the finite detector
resolution and, in thin film studies, the influence of microscopic inhomogeneities
on the low energy side of the peak. On the average, when starting with some idea
of the composition, the programs can achieve acceptable fits within five to ten
runs. Under ideal conditions the profile generated can agree with the
experimental spectra to within 3 to 5%.
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THE STRENGTHS AND WEAKNESSES OF THE THREE PROGRAMS

EASE OF USE: CALC concentrates on being easy to use. As distinct from SCATT and
PROFILE, Butler omitted sophistications such as statistical fluctuations of the
energy losses and isotope effects and fixed the routine to consider the case of He
ions only. On the other hand SCATT and PROFILE were designed for use in the older
mainframe computer systems and use a pre-formed file of running parameters. By
designing tailored data-forming programs and interacting control programs both
programs are now capable of running in a highly interactive mode with
self-explanatory prompts for the parameters. SCATT however does not recognise any
experimental spectra. In order to make comparisons the program has been modified
to use an outside graphics package.

CALIBRATION: The computer programs need no standards to be quantitative. The use
of the experiment equipment conditions enables the system resolution to be
ascertained. Absolute fits can then be made to the experimental results. All
these programs have rejected any attempt of designing automatic search
curve-fitting routines for fitting to experimental results. The closest to come
to this concept has been the Niiler program. This includes a curve-fit by the
least squares fit method and gives the option of using a 5 point smoothing routine
on the experimental spectra before the fit to the calculated spectra is made.
Uncertainty of the beam energy can lead to ambiguities of several hundred Angstroms
in the generated profiles.

THE MODELLING PROCESS: The specification of the concentration of the elements in
the model are usually expressed in atomic percent. However SCATT uses the ratio
of their relative concentrations or atoms/cm2 for the designated layer, while CALC
can be run with either atomic or weight percent concentrations.

The three programs differ in their units defining 'depth'. CALC works
exclusively in aerial density with units of atoms/cm2, while PROFILE uses mg/cm2
and SCATT formulates depth in either Angstroms or in atoms/cm2. The use of the
Angstrom unit requires a knowledge of the density for the analysed region. For
complex structures such as a mixture of compounds the actual densities in the
volumes under investigation are for the most part unknown.

The characterization of the specimens is done by dividing the model
sample into appropriate layers each of uniform composition. The individual layers
represent the variation of the composition with depth. In the programs the
dimension of the layer determines the integration step size for the calculation.
Should the characterization of the specimen be made such that the energy spread
corresponding to each layer is much greater than the detector resolution, then the
spectrum generated will assume a stepped appearance. SCATT overcomes this by
having the operator input the appropriate integrating depth step in Angstroms.
CALC and PROFILE solve this by further subdividing the layer into sublayers, the
number of which are left to the discretion of the operator. The second approach
is the easier one for the operators.

While theoretically all these programs can analyze thick target samples,
i.e. up to 10 urn, in practice two of these programs have some difficulties.
SCATT, which can use up to 5 different elements and up to 55 layers, becomes
progressively worse as the overall thickness increases. At around 7000 A the
program begins to fail and CPU run-times increase dramatically from a normal
16 seconds to 30 minutes and over. At 5000 A the profile can be generated to
within 5% accuracy. Similarly PROFILE, which uses up to 10 elements
simultaneously and up to 100 layers for its characterisation, begins to malfunction
at thicknesses of around 700 ng/cm2. On the other hand CALC which can compute
with up to 5 elements characterised into 50 layers does not experience difficulties
with thick samples.
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ENERGY STRAGGLING: Energy straggling places a finite limit on the precision of
the energy losses and hence the depths that can be resolved. Straggling has some
theoretical difficulties which makes the calculation for this effect difficult to
predict accurately, but since this is a second-order effect its omission is not
vital to the general analysis. Because the straggling effect is cumulative with
the sample depth, it is impossible to obtain high depth resolution for depths equal
or greater than 1.0 urn. For near-surface analysis, the typical depth resolution
obtained for 2 MeV He ions is 15-30 nm.

PROFILE includes energy straggling in its calculation, using the Bohr
Model and incorporating the Linhard and Scharff correction factor for low and
medium energy ions. SCATT on the other hand gives the option of using the Bohr
model straggling or the Chu-Bonderup-Hvelplund straggling. In order to speed-up
initial calculation, SCATT can also be run without compensating for straggling.
CALC does not include any straggling corrections.

Each of the programs has some difficulties with the trailing or low
energy end of the spectra. This ranges from 'step-like' artifacts at the back
edge of the spectrum for SCATT to an increasing divergence of the experimental and
calculated values in CALC. PROFILE also shows some divergency there, though it is
not as severe as in CALC. This effect may be related either tc the rising
background at lower energies or to the possibility of pulse pile up.

ANGULAR DEPENDENCE: For thick samples, it is often not possible to uniquely
distinguish, from one collision event, whether the scattering is from a low-Z
element near the surface or from a high-Z element at a greater distance below the
surface. This problem is resolved by taking two measurements at two different
angles. In order to obtain increased depth resolution one can tilt the target, or
use glancing incidence or use low take-off angles to obtain a geometrical increase
in the total path length required to reach a given point below the surface. This
produces an increased effective depth resolution which, for small grazing angles
can increase to 3-4 nm. All three programs therefore have been designed to use
various angles, but SCATT begins to malfunction at around 90 degrees.

MASS RESOLUTION: Mass resolution is also dependant on the scattering angle, the
resolution decreasing as the angle diverges from 180 degrees. In general it is
possible to distinguish adjacent elements or isotopes for masses up to about
40 amu's. Above this, two elements can be distinguished only if they differ by up
to 10 amu's at high masses.

APPLICATION TO OXIDATION STUDIES

While RBS analysis is good at determining concentrations and depth
profiles of high-Z elements on low-Z substrate, nuclear reaction analysis on the
other hand, gives better depth profile information for the situation of low-Z
elements on high-Z substrates. Thus although RBS gives the more accurate depth
information, reaction analysis techniques compliment this by giving more positive
identification of the surface constituents, particularly for light elements. In
particular, the O(d,p) 0 reaction provides a valuable analysis method for
oxidised samples. Typically for this reaction, sensitivities of 100 Mg/g can be
obtained to a depth of 10 urn. Unfortunately the surface resolution is only 200 to
1000 nm. Niilers version of PROFILE is the only one of the three that can analyse
the (d,p) nuclear reactions due to oxygen, carbon and nitrogen.

Examples will be given of the application of these programs to the
analysis of the surfaces of oxidised alloys. RBS spectra are obtained from two
systems, one with a beam diameter of approximately 1 mm and the other with a
minimum spot size of about 5 pm. The latter microbeam results are particularly
valuable in determining oxidation mechanisms of discrete phases in multi-phase
alloys, or for surfaces that oxidise inhomogeneously e.g. at grain boundaries.
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NEUTRON AND GAMMA-RAY TRANSMISSION TECHNIQUE

FOR THE ON-LINE DETERMINATION OF MOISTURE IN COAL AND COKE

B.D. Sowerby, M.J. Millen and P.T. Rafter

CSIRO Division of Mineral Engineering,

Lucas Heights Research Laboratories, PMB7, Sutherland, NSW, 2232

ABSTRACT

A, fast neutron and gamma-ray transmission technique is being developed for
the on-line analysis of moisture in coal and coke. The technique utilises
252Cf and 137Cs sources and 3He and Nal(Tl) detectors. Laboratory measurements
on single coal samples have shown that moisture can be determined to better
than 1 wt% over the range 0 to 16 wt% moisture and 5 to 17cm thickness.
Reduced errors were obtained for restricted ranges of moisture and thickness.
Preliminary measurements on coke of thickness 30 to 50cm have shown that
moisture can be determined to within 0.26 wt% over the range 1 to 16 wt%
moisture.

1. INTRODUCTION

A number of techniques are being investigated by the CSIRO Division of
Mineral Engineering for the on-line determination of moisture in coal and
coke [1]. These include capacitance, microwave, neutron transmission and
scattering, nuclear magnetic resonance and infrared reflectance. The initial
emphasis has been on the development of techniques for the on-line conveyor
belt determination of moisture in coal. A capacitance moisture gauge was
recently field tested on the product conveyor at Stockton Borehole Colliery near
Newcastle, N.S.W.[2]. In the present paper, laboratory work on the fast
neutron and y-ray transmission technique is described.

2. FAST NEUTRON AND GAMMA-RAY TRANSMISSION TECHNIQUE

In most neutron moisture gauges, thermal neutrons resulting from the
moderation of fast neutrons by collision with H atoms are detected by a slow
neutron counter. This method depends on the much greater slowing down power
of H compared with other atoms. Some disadvantages of this method are restrict-
ed sample penetration, density correction difficulties, sensitivity to
temperature changes and inaccuracies caused by variations in the concentration
of elements of high thermal neutron absorption cross section.

The measurement of the transmission of fast neutrons and gamma-rays
overcomes these limitations. Previously, few examples of this type of gauge
have been reported [3-5], and of these only Tominaga et al [3] simultaneously
measures the transmission of neutrons and j-rays through the same volume of
sample. This transmission technique is better suited to the determination of
moisture in coke rather than coal because of the low H content of coke. For
coke or coal containing 10 wt% moisture and 10 wt% ash, a 1 wt% change in
moisture changes the total H content by 8.6% and 1.2% relative respectively,

2.1 Hydrogen Variations in Coal and Coke

Neutron moisture gauges measure the total hydrogen in the coal or coke plus
hydrogen in the moisture. Typical black coals contain about 5 wt% H on a dry
ash free (daf) basis. For coal containing 10 wt% ash and 10 wt% moisture, a
neutron gauge moisture error of less than 1 wt% can be achieved only if ash is
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known within 1.5 wt% and hydrogen is constant to within 0.08 wt% (daf). Data
on hydrogen concentration in coal from particular seams or mines show standard
deviations of the order of 0.1 to 0.15 wt%, which is approximately equal to the
accuracy of the chemical laboratory H assay. More accurate measurements of H
in coal are therefore required to determine whether neutron moisture gauge
errors of less than 1 wt% are achievable.

The hydrogen content of coke is typically about 0.2 wt%. For coke contain-
ing 10 wt% ash and 10 wt% moisture, a neutron gauge moisture error of less than
1 wt% can be achieved only if bound H is constant to within 0.13 wt%. Data
from an Australian steelworks showed a standard deviation of 0.06 wt% H in coke
over a 22 week period. Also previously reported moisture accuracies of 0.3 wt%
for a neutron transmission gauge [3] and about 1 wt% for thermal neutron
gauges [4] confirms that H variations in coke are not a major problem.

2.2 Calculations

The intensity In of a collimated beam of fast neutrons transmitted through
a sample of density p and thickness x has been calculated by dividing the
incident neutron energy spectrum into 20 intervals. As the total cross
sections for the various elements are similar at MeV neutron energies, the
neutron mass absorption coefficients are approximately inversely proportional
to atomic weight and fast neutron attenuation is dominated by the light
elements, particularly H. It can be shown that the calibration equation for a
fast neutron and y-ray transmission gauge will be of the form

In(I /I )
Moisture = a -—; ; + b (px term) + c (1)

In(I /I )
Y oy

where a, b, c are constants; Ino is the neutron intensity without a sample
present; I and I are the y-ray intensities with and without a sample
present. Calculations for a 2 Cf source and coal of thickness 5-15cm and
moisture 2-25 wt% showed that the method should be able to determine moisture
to within 0.50 wt% using (In I,,/ln I ) as the px term in equation (1) and
0.35 wt% using (In In) as the px term.

3. EXPERIMENTAL METHOD AND RESULTS

In the present work, a number of neutron and gamma-ray transmission
assemblies have been used to evaluate the effect on the accuracy of coal
moisture determination of collimation, detector type, sample thickness and
moisture range. In geometry A (Table 1) a 51x51mm NE213 liquid scintillator
and commercial NIM pulse shape discrimination (PSD) circuitry was used to
separate neutron and y-ray signal pulses. The results obtained are summarised
in Table 1. However PSD circuitry requires careful setting up and many
problems were experienced in maintaining long term stability.

Comparison of the results for geometries A and B (Table 1)show no
deterioration in accuracy when NE213 is replaced by separate neutron and
Y~ray detectors. The fast neutron detector comprised a He-3 detector
surrounded by 100mm thick paraffin to give maximum efficiency in the 1-2 MeV
region [6]. However the paraffin needs to be kept at constant temperature
because of the 1/v dependence of the H capture cross section which causes the
count rate to increase at the rate 0.4% per °C. For geometry B, the r.m.s.
deviation drops from 0.91 wt% moisture (Table 1) to 0.58 wt% if the thickness
range of coal is reduced to 10-15cm. As well, measurements on coal samples
from 4 different seams showed that the technique could determine total H to
within 1.5% relative (equivalent to a moisture error of 1.2 wt%).
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In geometry C (Figure 1) the 500 mm long collimator of geometries A and B
was replaced by a shorter collimator and the source strengths halved. These
changes did not significantly affect the accuracy of the gauge and resulted
in reduced analysis times. The counting times required to achieve a
counting statistical error of 0.5 wt% moisture in geometry C are 57, 170 and
400 sec for coal of thickness 5, 10 and 15 cm respectively. Geometry C is
therefore preferred over geometries A and B.

Preliminary measurements have been carried out on crushed coke (particle
size minus 10mm) of thickness 30, 40 and 50 cm in a geometry similar to
geometry C but with the source to detector spacing increased (Table 1). These
measurements showed that coke moisture can be determined to within 0.26 wt%
over the range 1-16 wt%. The time required to achieve a counting statistical
error of 0.2 wt% moisture is about 100 sec.

4. DISCUSSION

The experiments described above were carried out as part of a larger
program aimed at comparing techniques for the on-line determination of moisture
in coal and coke. Capacitance and microwave techniques are well suited to
the determination of coal moisture but not to coke moisture because of the
high electrical conductivity of coke. The neutron and y~ray transmission
gauge is well suited to coke moisture analysis and has a number of significant
advantages over conventional thermal neutron moisture gauges.
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Table 1

Summary of experimental configurations and results for the determination of
moisture in coal and coke using neutron and gamma-ray transmission.

Geometry A B D

Neutron detector
Gamma-ray detector
252Cf source output (neutrons/s)
137Cs source strength (GBq)
Collimator length (mm)
Collimator diameter (mm)
Source detector spacing (mm)
Count rates (counts/s)

Ion
Î — *fc _ov

Coal or Coke
Moisture range (wt%)
Thickness range (mm)
Rms deviation* *(wt% H20)

* 3He surrounded by 100mm thick
** Obtained using equation (1)

NE213
NE213
7.4xl07

-
500
14-38
720

3320
13150
Coal
4-25
7.5-15
1.01

paraffin

3He*
Nal(Tl)
7.4xl07

1.48
500
14-38
850

930
31330
Coal
0-17
5-15
0.91

3He*
Nal(Tl)
3.7xl07

0.74
200
20-60
540

11600
19000
Coal
0-16
5-17
0.98

3He*
Nal(Tl)
3.7xl07

0.74
200
20-60
890

4480
12130
Coke
1-16
30-50
0.26
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Figure 1. Fast neutron and gamma-ray transmission
assembly (geometry C) used to determine the moisture
content of coal samples.
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ATOMIC MIXING OF THIN LAYERS BY ION BEAMS

S. Puranik, B.V. King
University of Newcastle

Experiments are being carried out to mix Aluminium thin films

deposited on iron samples by inert gas ion bombardment. The mixing

behaviour is being studied with respect to ion species, beam energy and

fluence. The mixed layers are being investigated with the help of

RBS and SIMS techniques.
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ATOM LOCATION USING RECOIL ION SPECTROSCOPY

D.J. OConnor
Department of Physics

University of Newcastle, NSW 2308 Australia

INTRODUCTION
Low energy 1on scattering(LEIS) using Inert gas and alkali ions is widely

used 1n studies of the surface atomic layer. The extreme surface sensitivity
of this technique ensures that it yields both compositional and structural
i n f o r m a t i o n on c lean and a d s o r b a t e c o v e r e d s u r f a c e s . A number of
investigations have been carried out on initial adsorbate site location using
inert gas ion LEIS. The conclusions usually invoke blocking or shadowing of
substrate atoms to explain changes in reflected ion yield though attention is
rarely paid to poss ib le prob lems ar is ing from var iat ions in the charge
exchange process.

It is possible to substantiate the structures determined by LEIS by using
a slight var iat ion of the technique w h i c h yield substant ial ly dif ferent
information. This var iat ion involves the use of of the highly sensi t ive
negatively charged recoils for adsorbates which have a strong chance of being
found in the negatively charged state (e.g. oxygen). In general the detection
of recoil ions is difficult in the positive spectrum as they may correspond to
energies at which there is a strong scattered ion signal, or they may lie on
the tail of a scattered ion signal. These problems can be avoided by
monitoring the negatively charged particles.

The advantages associated with the use of negatively charged recoils are:
(a) Being negatively charged they do not need to be extracted from

an 'intense background of posi t ively charged scattered ions if inert gas
primary projectiles are used as the probability of creating negatively charged
inert gas ions is exceedingly small.

(b) The angular distribution of ejected adsorbate atoms carries with
it direct information about the site from which ejection occurred. This is a
much more direct measurement of the adsorpt ion site than that obtained by
inference from changes in scattered ion yield.

Low Energy Negat ive recoil Spectroscopy (LENRS) has been appl ied to a
study of oxygen on NK110) to gauge the sensit ivity to coverage and site
location. The adsorpt ion procedure f o l l owed was a imed at reproducing
conditions reported in similar LEIS and LEED studies of oxygen on Ni(llO) to
yield a (2x1) LEED pattern. After target cleaning and annealing of damage the
sample was exposed to 0.4 Langmuirs of oxygen at a sample temperature of 450K.
The measurements w e r e per formed w i t h a beam dose w h i c h was exper imenta l ly
found to produce min ima l changes to the sur face structure by sputtering or
sur face damage. Af ter each measurement the target was cleaned wi th sputter
bombardment at 700K.

RESULTS AND DISCUSSION
An energy spectrum of the negatively charged particles emitted from the

surface comprises a relatively narrow low energy peak which results from a
single b inary event creating a direct recoil part icle. There is often
observed one or two higher energy peaks in the negative particle energy
spectrum w h i c h have been identi f ied as originating from deflected recoil
processes. The term 'deflected recoil' is collectively given to the processes
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which involve scattering of an atom after the Initial recoil event, and to the
recoil event where the projectile has previously been scattered by another
atom. There is no general rule to distinguish these two processes, and they
must therefore be differentiated by reference to computer simulations. /~~<-

An effective demonstration of the usefulness of recoil ions is revealed
in fig. 1. The recoil ing 0" is shown for a recoil angle of 60° wh i le the
angle of incidence is increased f rom 0° (measured to the surface) up to 60°
when a 2 keV Ne+ projectile is used. The magnitude of the direct recoil signal
exhibits marked differences between the case when the experiment is performed
along the <001> surface chain and the <110> surface chain. These differences
can be used to distinguish between different adsorption sites. It is possible
to call on previous extensive studies of this sur face or the currently
accepted reconstruction model to el iminate some the suggested adsorpt ion
sites. However it is instructive to apply LENRS to this sur face without
assuming any a priori knowledge of the surface structure to illustrate the
potential appl icat ion of this technique to as yet unstudied surfaces. The
results in fig 1 preclude the possibil ity that the oxygen is sitting in a
centrefold site. If this were so the recoil signals would be comparable along
the two surface alignments. The short bridge site (between atoms in the <110>
surface direction) is also ruled out as that would yield a higher signal along
the <001> surface direction. The only oxygen position consistent with these
results is a long bridge site (between atoms in the <001> surface direction).
UncTer the experimental condi t ions used in this study the projecti le is
prevented from striking the oxygen along the <001> direction because it lies
in the shadow cones formed by the neighbouring Ni atoms. Using the Moliere
function with an appropriate screening length correction to predict the shadow
cone dimensions it is possible to determine that the oxygen must be more than
0.42 A above the N1 surface in order that a comparable yield to the <110>
direction is seen along the <001> direction under these experimental
conditions. The results in fig. 1 indicate that the oxygen is closer than 0.42
A to the sur face.

To more accurately locate the oxygen atom a detailed survey of the
recoiling ions is necessary. This can be acquired by monitoring the negative
ion yield as a function of the azimuthal angle (fig 2). The negative ion yield
is low when incident along the <100> sur face chain, but as the target 1s
rotated away from this direction the ion yield increases indicating that the
oxygen is emerging from the shadow cone formed by the neighbouring Ni surface
atom. Detai led analysis reveals that the height of the oxygen above the
sur face is 0.2 ± 0.1 A. This height results in a N1-0 bond length of 1.77 A
which is in close agreement with recently reported theoretical value of 1.75A".

W h i l e there exists a weal th of structural informat ion in the angu lar
distribution of the directly recoiling atoms there is a greater potential for
in format ion to be extracted from the deflected recoils. As these events
invo lve both a recoi l ing event and a scattering event they may be used to
determine the relative positions of the N1 and 0 atoms. This aspect requires
more attention and comparison to computer simulation.

CONCLUSIONS
The use of nega t i ve l y c h a r g e d recoi l ions g rea t l y e x t e n d s the

capabi l i t ies of l ow energy scattering techniques; in part icular to the
electronegative elements. This method has been successfully applied to a study
of 0 on NK110) and located the adsorbate in the long br idge site Just above
the surface. Additional work is in progress to assess the suitability of the
deflected recoils to more detailed structural information.
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URANIUM MINERALS |N VEINS IN THE |ANGER No 3 ORE BODY
D.J.Gray , B.G.Davey and D. Benson , University of Sydney

* Dept. Soil Science and ** Electron Microscope Unit

ABSTRACT. Uranium bearing veins in partially weathered rock from Ranger No 3 ore
b o d y , N o r t h e r n Te r r i t o ry , A u s t r a l i a , were f o u n d t o con t a in saleei te
(Mg(PO/)2(U02)2-10H20) by electron probe microanalysis. The saleeite seems to
have been formed by oxidation of the uraninite and subsequent precipitation. The
chlorite, mica and quartz adjacent to the saleeite vein appeared to be unaltered
which suggests that the solutions causing alteration moved through the vein
system. It fo l lows that the sources of magnesium and phosphate for saleeite
formation were not local in origin. As the U lost from the vein during alteration
of uraninite to saleeite was not deposited in the vicinity of the vein studied, U
loss also probably took place through the vein system.

METHODS. The Ranger ore bodies are vein deposits in which uraninite (U02)
deposited in veins 700 to 1200 million years ago, often with concomitant deposit-
ion of chlorite and hematite, Ewers and Ferguson (1980). A sample of diamond
drill core f rom S3/114 (27.2m depth) was made into a petrological section for
study by optical microscopy and the electron microprobe. A finely crushed (<50um)
sample was used for x-ray diffraction.

DISCUSSION AND CONCLUSIONS. The thin section showed quar tz , som; chlorite in
pure domains (both about 2mm diameter) and muscovi te in localised domains of
about 200um diameter. Fig. 1, shows the backscattered electron image of a U
bearing vein crossing quartz grains and shows the vein is completely filled with
the U mineral. Several of the veins were analysed with the wavelength dispersive
X-ray spectrometers on an ETEC Autoprobe , -.yith the results shown in Table 1.
These results show that the mineral is Saleeite and that the composition at
several places in a vein and in several veins is reasonably constant. The
exceptions being at sites 1/1 and 1/5 where the Mg content was much lower. There
is no evidence for another mineral phase although there is some charge imbalance
which may possibly be satisfied by H, and a small amount of silica may have been
incorporated within the crystal. Analyses of quar tz showed it to be pure as
expected.

Fig. 2, shows the backscattered electron image of a region of the slide
containg quar tz grains (on the bot tom lef t and along the r ight hand side). The
area becween is filled with chlorite and iron oxide grains as the x-ray maps for
Mg and Fe show (Fig. 3 and 4). Some of the intensely white patches are due to Tin
oxide (SnO) used in polishing and the remainder are due to hematite.

The electron microprobe analyses of the chlorite are given in Table 2 along
with the ana] ysis of a mica grain. The mica appears to be a dioctahedral muscov-
ite mica and its low K content is probably due to volat i l izat ion of K in the
electron beam. The chlorite was found to have a composit ion lying within the
range of values quoted by Ewers and Ferguson (1980), for the Cahill Formation.
The chlorite was also analysed at two sites 50 and 200um from a Saleeite vein on a
transect at right angles to the vein (site numbers needed) . These analyses were
identical, within error, showing that the chlorite close to the saleeite vein was
identical to that remote f rom it suggesting that it was unweathered. Optical
s tudy of the surroundings of the veins also fai led to produce any evidence of
weathering along the margin of the vein.

Assuming the original uraninite was pure (88% U, density 6.5gcm~3) there
would have been 5.7g U cm in the unweathered vein. In contrast the saleeite
contains (50.9% U, density S.SgcnT"-5) 1.7gU cm showing that 70% of the U origin-
ally present in the vein has been transported to a place remote from it.

Because the chlorite, micas and quartz do not contain detectable amounts of
phosphorus, it appears that phosphate needed for saleeite formation was brought to



150

the site by the solutions causing weathering of the vein and that the veins also
transported the weathering products away f rom the site. The other a l ternat ive
would be that the pressure in the vein during saleeite formation was sufficient
to enhance the vein vo lume to accomodate the weathering products. Even so the
veins must still have carried the solutions causing weathering and providing the
necessary Mg and P for saleeite formation.

REFERENCE. Ewers, G.R. and J. Ferguson (1980) pp 363-371 in J.Ferguson and A.B.
G o l d b y (ed.); Uranium in the Pine Creek geosyncline. Int. Atomic Energy Comm,
Vienna.

TABLE 1
Sample MgO P2°5 UOo SiOr A1203

1/1
1/2
1/3
1/4
1/5
1/6
2/1
2/2
3/1

2.
4.
4.
4.
3.
5.
5,
5.
4,

,69
,68
,76
,66
,02
,21
,15
,16
,43

No

19.
18.
17.
17.
18.
19.
16.
19.
17.

07
58
86
22
93
77
89
43
61

other

- 11

81
7S
75
74
79
79
70
76
72

•

•

•

•

•

*

•

•

•

98
34
50
10
19
01
70
55
97

0
0
0
0
0
0
0
0
0

elements

.68

.64

.43

.80

.45

.93

.53

.48

.27

0.
0.
0.
0.
0.
0.
0.
0.
0.

05
05
01
34
00
07
05
09
02

found

Formula

08(p(Vl 88(U02)nH2°
Mgo;85(Si03)5;o8(P04)1-91(U02)nH20
MgQ 89(Si03)0 Q5(P04)j 9l(U02)nH20
Mg0'89(Si03)0'10(P04)1"87(U02)nH20
Mgo;54(Si03)o;o5(P04)i;93(U02)nH20
M80.94(Si03)o.05(p°4)2.02(uo2)nH2°
Mg^ Q3(Si03)g o7(P04)^ 93(U02)nH20
M8o;96(Si03)o!o7(p°4)2!o5(U02)N

nH2°
.04(P04)l.95(U02)nH20

Charge
left

-0.88
-0.19
-0.04
-0.04
-0.80
-0.28
0.14

-0.35
-0.20

Sample MgO A1203 Si02 K20
TABLE 2

FeO* Formula

6.06 33.03 44.75 6.82 3.02 KQ/58(
M80.61Fep.l7A1l,63)(Si3.01A10.99)°lo(°H)2

(Mg? qfiFen 7nAli oo)(^io ooAIn 77)0 ln(OH)R

Mica
Chi 1 21.74 24.08 35.31 0.57 9.11 (MgY afiFen~7nAli~
Chi 2 17.25 26.01 33.73 0.01 9.52
Transect

1 19.80 27.43 38.14 0.26 7.29 (Mgo 57Fe0 53A12 15)(Si3 33A1Q 67)°lo(°
H)8

2 26.54 23.52 35.47 0.17 5.14 (Mg3'54Fe0'38Al/66)(Si3'18Al0'82)010(OH)8
3 21.30 27.69 38.35 0.22 4.28 (Mg2 76Feo3?Al2 i8)(Sio 34Al0'66)01o(OH)n
4 21.53 27.81 37.79 0.11 4.47 (Mg2;79Feo;33Al2;i6)(Si3;29Al0[71)010(OH)8

* Fe assumed to be Fe
No U or P observed
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FIGURE 1; Backscattered Electron
Image of U vein between two quartz
crystals.

FIGURE 2: Backscattered Electron
Image of chlorite/quartz region.

tx^t^::r>mm%
:'-V(, :"x' :'-'''^W^»^^^M^ •• '

FIGURE 3: Mg X-ray map of chlorite/
quartz region.

FIGURE 4: Fe X-ray map of chlorite/
quartz region.
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USE OF NEUTRON ACTIVATION ANALYSIS TO MEASURE THE VARIATION IN TRACE ELEMENT

CONCENTRATIONS IN A COAL SEAM

John J. Fardy*, Dalway J. Swaine**

*CSIRO Division of Energy Chemistry, PMB 7, Sutherland, 2232.

**CSIRO Division of Fossil Fuels, P.O. Box 136, North Ryde, 2113.

ABSTRACT

Trace element concentrations were measured by neutron activation on 57
run-of-mine coal samples from several locations in seven mines located in the
Lithgow seam in the Western Coalfield, Sydney Basin. Twenty-nine of these
samples were from a single mine.

Results were tabulated as ratios of the highest to the lowest variance for
each element. These variance ratios were compared between mines and for other
elements determined by alternative techniques. In general, the variations were
not great and a good approximation of the concentrations of most trace elements
in the Lithgow seam was obtained by analysing a small number of samples. These
results have significance for seam correlation in coal mining and to export sales
of coal for power generation.

INTRODUCTION

Increasing attention has been given to the environmental aspects of coal
raining and usage in Australia and throughout the world. This has verified the
importance of trace elements in coals, especially in their behaviour during
combustion, liquefaction and, to some degree, coke-making.

Much is known about the occurrence and levels of elements in Australian
1 9coals due to research at CSIRO Division of Fossil Fuels ,, BHP Central Research

Laboratory^ State Electricity Commission of Victoria^ and more recently, at
CSIRO Division of Energy Chemistry^,*>. The behaviour of these elements during
coal burning and usage depends to some extent on their occurrence in coal. They
can exist in association with organic matter (bound to phenolic, immine or
raercapto groups) or as discrete minerals classified into three general groups,
silicates, sulphides and carbonates. However, little is known of the trace
element variation within a coal seam or whether a seam can be characterised by
its trace element pattern. This is particularly important in the export of coal
to those countries where environmental matters are of prime concern, such as
Sweden and Japan, and where they demand information on the levels of trace
elements.

This paper reports the results of a study in which instrumental neutron
activation analysis (INAA) was used to measure the variation in the concentration
of trace elements in a coal seam. Fifty-seven samples of run-of-mine coal were
collected over four years from several locations within seven mines situated on
the Lithgow seam. This seam occurs in the Illawarra Coal Measures (Late Permian)
of the Western Coalfield on the edge of the Sydney Basin. Twenty-nine of these
samples were from a single mine (Location A). Since stable basement conditions
have prevailed from Permian times in this area, the degree of folding and
faulting is minimal.
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EXPERIMENTAL

The trace element profile of these coals were measured by INAA. The
elements determined were arsenic, antimony, barium, bromine, cesium, cobalt,
europium, hafnium, iron, lanthanum, lutetium, neodymium, samarium, scandium,
sodium, terbium, thorium, tungsten, uranium and ytterbium. The full range of
elements sensitive to this nuclear technique of analysis was not measured since
many of those elements determined by rapid neutron irradiation and counting by
high resolution gamma spectrometry were measured by alternative techniques
(atomic absorption spectrometry (AAS) and optical emission spectrometry (OES)) in
another research program. For this study, samples (100-200 mg in polythene
vials) were irradiated for 9 h in the X-6 tube of HIFAR, the AAEC's 15 MW
research reactor, at a thermal flux of 5 x lO^3 n cnT^ s~l and counted on a
100 cm3, 20% coaxial Ge(Li) detector (Ortec series 8000, FWHM 1.8 keV at 1.332
MeV) coupled to a Canberra Series 40 4096-channel pulse-height analyser, after
cooling for 7 and 28 days. The certified NBS standard reference materials
SRM1632 (coal) and/or SRM1633 (fly ash) were simultaneously irradiated and
counted. Concentration data were calculated by comparative analysis, using a
series of FORTRAN programs written by one of the authors (JJF) and processed on
an IBM370 computer.

RESULTS AND DISCUSSIONS

The INAA data from the elements listed previously were combined with earlier
results obtained by AAS and OES, as well as analytical data for ash, pyritic and
total sulphur and carbonate content.

To assess the variation of trace elements within the Lithgow seam, ratios of
the highest to lowest variance (mean square deviation of values from their grand
average) for each element at Location A were compared to the same ratios deter-
mined for all samples from the six remaining mines. Some of these ratios are
listed in Tables 1-3.

Data from INAA measurements, listed in Table 1, show very close agreement
between most concentration levels from Location A and those from Locations B-G.
This was further evidence in Table 2 where other elements determined by OES and
AAS showed the same close relationship. These results suggest that during coal
formation from plant material, stable climatic conditions dominated the area
covered by the Lithgow seam.

Several exceptions are evident from the tabulated results where arsenic and
neodymium exhibit a high spread in their concentration data. Although the accur-
acy of the data for these two elements may be questioned, analytical figures for
pyritic sulphur and carbonate levels showed significanlty higher concentrations
in Locations B and C. Association of these trace elements with sulphides and
carbonates could be the reason for this bias.

Table 3 lists some more spectacular variations from the general trend:
variance ratios for iron, manganese and carbonate from other locations much
larger than for Location A. Again, this is attributed to the high carbonate
levels at Locations B and C, with the accompanying iron levels suggesting the
dominant presence of siderite (FeC03). The association of manganese with carbon-
ate minerals, where it is known to replace iron in siderite, could explain its
high values in Table 3.

The extensive chemical data for the Lithgow seam (21 elements on 57 samples)
were evaluated statistically. Correlation coefficients were determined between
all element and sample pairs, and the matrix of these correlation coefficients
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was then used in hierarchical cluster analysis programs? to identify the
association between trace element, and samples. Generally, the trace element
classification followed the expected distribution trends between organic,
silicates, sulphides and carbonates. No strong clustering occurred between
samples from the seven locations.

In general, the variation in most elemental concentrations for run-of-mine
coal .samples from the Lithgow seam was not great and, hence, a good approximation
can be obtained by analysing a small number of samples. This is encouraging news
for exporters compelled to supply trace element data with their coal shipments.
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TABLE 1

Variance Ratios from INAA Data

Element
As
Sb
Th
U
Eu
Lu
Sm
La
Nd
Ba
Co
Cr

Variance

Element
Cd
Hg
Mo
Pb
Se

Location A
2.3
1.4
1.4
1.4
1.5
1.3
1.5
1.3
3.0
1.5
1.6
1.3

TABLE 2

Ratios from OES and

Location A
1.7
1.9
2.5
1.4
1.4

Other Locations
6.7
2.2
2.2
1.9
2.3
1.6
1.8
1.9
5.1
3.4
3.4
3.0

AAS Data

Other Locations
2.0
3.4
3.0
2.0
1.5

TABLE 3

Variance Ratios from Combined Techniques

Component Location A Other Locations
Na 2.1 2.9
Fe 3.1 8.3
Mn 4 57
C03 2.8 36
Ash 1.2 1.5
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AN INTERESTING CASE OF RADIOACTIVE DISEQUILIBRIUM FROM MT. SCHANK,

SOUTH AUSTRALIA

B.W. Smith, J.R. Prescott, J.T. Hutton, Physics Department,
University of Adelaide, S.A.

A.S. Murray, Office of the Supervising Scientist, Jabiru, N.T.

B.L. Dickson, CSIRO Mineral Physics, North Ryde, N.S.W.

Mt.« Schank in South Australia is a recent volcano the age of which has been
found using thermoluminescence dating. The natural uranium series, which
contributes to the radiation dose, was found to be in gross disequilibrium,
the details of which have been examined using alpha- and gamma-spectro-
scopy. It is suggested that most of the U and Ra were removed at about the
time of the lava flow Ska ago and that some Th was carried in.

Mt. Schank is a young volcano in the south-east corner of South Australia.
It shows evidence of two phases of volcanic activity (Sheard 1978). The first
produced a small cone on the southern side of what is now the main crater,
together with a basaltic lava flow to the vest which covered a stranded beach
dune of the Bridgewater formation to a depth of some seven metres. The dune
overlies the Garabier limestone. It is the sand from this dune with which we
are concerned. The second phase of activity created the main cone which is the
most obvious geographic feature today.

Various attempts' to date Mt. Schank and the nearby Mt. Gambier by radio-
carbon have led to equivocal results and it would be safe to say that they can
best be classified as Holocene or Recent. The burial of a quartz dune sand by
lava suggested that it would be possible to date that event using thermo-
luminescence since the quartz would have been baked for a considerable time at
a temperature sufficient to reset the TL clock, i.e. to reduce any natural TL
to zero. The age would then be found in the usual way by measuring the TL
subsequently acquired and relating it to the radiation dose received from the
naturally-occurring species in the environment.

Samples were collected from a quarry face on the west side of the lava
flow (site SC3) and from the lava flow itself (SC5). The TL characteristics
showed that the sand had indeed been baked sufficiently so that it could be
used for dating.

It turns out that the uranium series is in disequilibrium. This first
came into evidence in a comparison of apparent uranium concentrations inferred
from thick source alpha counting and those found from delayed neutron
activation and later from XRF. These comparisons have already been reported by
Smith et al. (1983). In brief, the DNA analysis gave 2.2 ±0.2 ppm, whereas
thick source alpha counting gave 10.8 ±1.5 ppra. In other words the parent
uranium is insufficient to support its daughters by at least a factor of five.
On the othvic1 hand, the thorium analyses using neutron activation analysis and
thick source alpha counting gave 15.8 ±0.6 and 19.1 ±2.0 respectively. This
suggests that the thorium chain is in equilibrium. Some early measurements
using alpha- and gamma-ray spectroscopy confirmed the disequilibrium and were
reported at the Third Australian Conference on Nuclear Techniques in Analysis
(Smith et al. 1983).
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Since the dose-rate calculations required for accurate TL dating depend on
the details of disequilibrium in the decay chains, an extensive series of
measurements has been made on samples from the SC3 site using the low level
gamma counter at OSS, Jabiru and alpha spectroscopy at CSIRO Mineral Physics.
These results are collected in the Table. The top half of the table shows the
nuclides of the uranium series while the thorium series appears in the lower
half of the table. Samples SC3/4 through/7 were taken one metre apart from the
same bed of sand; samples /5 and /6 were used for TL dating. Also included is
the lava sample SC5. "Chera" indicates an average of DNA and XRF measurements
for uranium and NAA and XRF for thorium. All entries are expressed in Bq/kg
since the rate of disintegration should be the same for all members of a radio-
active chain in equilibrium.

The lava sample SC5 is clearly in equilibrium. It contains about the same
concentration of uranium as does the sand but somewhat less thorium. Since it
is a very compact raicrocrystaline rock there has been little opportunity for
weathering and it follows that it was in equilibrium at the time of discharge.
There are some differences among the four SC3 samples although only sample
SC3/7 could be said to be clearly different. Nevertheless the nature of the
disequilibrium appears to be similar in all samples. The data are quite
consistent with equilibrium in the thorium chain. On the other hand, it is
confirmed that the parent uranium is insufficient to support its daughters. In
particular the analyses are consistent with a scenario in which most of the
uranium was leached out leaving ~u activity of a little less than 30 Bq/kg (2
ppm) which is the present activity of U-238 and its two immediate daughters.
Beginning with Th-230 the activity o£ the chain increases by about a factor of
five. It also appears that its daughters may be somewhat in defect.
Unfortunately the accuracy of determination of Th-230 is low and the degree of
disequilibrium correspondingly uncertain. However, if radium had been leached
out with the uranium at the time of the lava flow and has since grown back in
with a half-life of 1600 years, this would be consistent with a TL age of about
5000 years based on this interpretation of the disequilibrium.

This interpretation is supported in some respects by multi-element
chemical analysis of tuff, dune sand, soil and the SC3 samples themselves. The
U content is close to 2 ppm in all samples. This would be the case if uranium
has been leached out except for 2 ppm associated with resistate minerals such
as zircon, which occur in a small proportion in the dune sands of the South
East. This leaching would be likely in view of the abundant ground water and
the calcareous nature of the materials, giving an alkaline environment
(Gascoyne 1982) . While this would account for the disequilibrium, it may not
of itself acount for it entirely. Elemental analysis for thorium shows that it
is about 50% higher in the SC3 samples than in SC10 and SC12, samples from the
same (Bridgewater) formation collected from the other side of the mountain but
not covered with lava. At the same time the Y/Th ratio is essentially
constant. Since these elements move together in the environment, it seems
likely that some thorium was carried into the SC3 dune. It could not have been
brought in with volcanic ash before the lava flow since its thorium content is
not high enough. It is therefore suggested that it was brought in by water
while the lava was still cooling. It would have been rapidly immobilised in
the alkaline dune sand.
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MT SCHANK ANALYSES Bqkg"1

SC3/4 SC3/5 SC3/6 SC3/7 SC5 Lava

U-238/235

Th-234
U-234
Th-230

Ra-226

Pb-210

Th-232
Ra-228
Th-228
Ra-224

.
Tl-208

Chem
Gamma
Alpha

Gamma
Alpha
Gamma
Alpha
Gamma
Alpha
Gamma

Chem
Gamma
Alpha
Gamma
Alpha
Gamma

26.7 ± 1
-
-

-
-
-

162 ± 10
-

155 ± 7
"

64.5 ± 2
-

105 ± 20
-

103 ± 21

—

27.3 ±
30 ±
-

-
-

256 ±
-

133 ±
-

125 ±

62 ±
68 ±
69 ±
-
-

—

1
5

82

2

25

1
1.3
1

24 ± 2
40 ± 6

23.6 ±3.3
21.9 ± 1.7

-
21.7 ± 1.7
252 ± 90
178 ± 10
132 ± 2

134 ± 27

65 ± 2
69.5 ± 1.7
69 ± 1
-
-
76 ± 8

25
23

26
-

149

113

124

60
58.3
57.6
64
-
60

±
±

1
7

± 9

±

±

±

±
±
±
±

±

90

2

25

2
1.3
0.8
6

2

30.5
30

25
»

60

31

48

33.8
36

35.2
37
-

32.8

±
±

±

±

±

±

±
±
±
±

±

0.7
5

7

60

1

24

0.4
1
0.7
5

1.4
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SURFACE MODIFICATION OF SAPPHIRE BY ION IMPLANTATION

A.P. Mouritz1, D.H. St.John1, M.V. Swain2 and O.K. Sood'
1. Department of Metallurgy and Mining, RMIT

.Advanced Materials Division, C.S.I.R.O.
3 Microelectronics Technology Centre

ABSTRACT

Preliminary results on Pb, Zn and In implantation into sapphire are
presented. RBSf optical absorption and hardness measurements are reported,
which in conjunction with literature work* ' , suggests the presence of
precipitates at low doses of In and Zn. These precipitates undergo radiation
induced dissolution at higher fluences. Contrasting behaviour with Pb
emphasizes a chemical role in these stages.

The structural and chemical modification of ceramic surfaces by ion
implantation can alter the tribological properties in this near surface (0.01
to 0.1 pm) region, as shown recently'1' for MgO, SiC, PSZ and Al203« This
paper presents our preliminary results on the modification of sapphire surfaces
by implantation with Pb, Zn and In ions.

c-axis <0001> sapphire samples were annealed at
closed furnace (oxidizing) ^environment .t.o_ remove

Mirror polished
1200°C for five days n,na,
surface damage. Lead (20/

KeV, 6E14 and 6E15/cmZ) and
were preformed 7U off the c-axis at room temperature. Beam
below 2.0 /jA to reduce any self-annealing effects,
techniques were used: (i) Rutherford backscattecing (RBS)

°

'Pb+:50 KeV; 5E15 and 3E16/cm2), indium I115ln+:100
d zinc (64Zn+; 100 Kev; 2E15 and lE16/cnr) implants

currents were kept
Three analytical

of 2MeV He2* ions
with detector angles at 170U and 110U to measure depth profile; (ii) Optical
absorption measurements (200-700 nm ) using a Unicam SP600 UV
Microphotospectrometer to determine the nature of ion-induced damage; and (iii)
Microhardness tests using a Lientz Mini load Vickers nardness tester.

Figure 1 illustrates the effect of implanted Zn on the reduction of 0 in
AlpOo. A similar reduction is observed for In, but not for Pb, as seen in
TaSle 1.
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Figure 1. RBS spectrums for zinc implanted sapphire
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Optical absorption measurements in Figure 2, and Table 1, show the effect
of species type and dose on the nature and density of F-centres (oxygen vacancy
with two trapped electrons) and F-centres (oxygen vacancy with one trapped
electron). These F-centres occur at 5.4eV, and not at the reported 6.1ev"J,
and this discrepancy is still unresolved. Changes in surface hardness with
dose are shown in Figure 3.
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5
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T
1
1

1
1

1
I
1
1

T

* Un.mpUaJ SipfJire t 5x10° ft

1x10°

Dose Ccm-0

Figure 2. Optical absorption
measurenents for sapphire
after implantation with Pb
and Zn.

Figure 3. Hardness measurements
for sapphire after implantation
with Pb and Zn. (Error bars
represent 95% confidence limits).

Table 1

Ion

207pu+
207pb+
1 1 J T n '

l n
cX
°"Zn+

Energy

50
50

100
100
100
100

Dose (cm"2)
Nomi nal RBS

5E15 3E15
3E16 9E15
6E14 6E14
6E15 6E15
2E10 2E15
1E16 5E15

Max Reduction in
0 cone, at ion range

*

0
0
0

38
0

25
0

Absorption Ratio
(OC-impl. Ax-virgin)

at F-centre

1.00
1.83
3.14
0.43
1.31
0.43
1.33

Relative
Hardness

1.00
1.00
0.88
1.23
0.95
1.30
1.14
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In Table 1 reductions in Pb and 1E16 Zn doses are attributed to surface
sputtering effects. For low dose Zn and In a clear correlation is seen between
a reduction in oxygen content, a reduction in F-centre concentration and
increased surface hardness. This effect is not observed for Pb and higher dose
In and Zn.

In conjunction with recently published work^', these observed trends
could be interpreted as follows:

a) At lower doses, for Zn and In, the increase in hardness and
accompanying reduction in point defect density suggests that either metallic or
spinel type precipitates are formed.

b) At higher doses, some precipitates undergo radiation induced
dissolution resulting in a loss of hardness and increased defect density.

c) Pb does not produce similar effects emphasizing the role of chemical
nature of implanted species.

Further work is continuing using RBS-C, TEM and EDX.

(1) G.C. Farlow, C.W. White, C.J. McHague and B.R. Appleton in: Ion
Implantation and Ion Beam Processing of Materials. eds. G.K. Hubler,
O.W. Holland, C.R. Clayton and C.W. White (North Holland, N.Y., 1984)
p.163; and references therein.

(2) J.H. Crawford Jr., Nuc. Inst. and Methods Bl (1984) 159; and references
therein.
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COMPLEMENTARY DEPTH PROFILING OF

METALLIC SURFACE ALLOYS

C".J. Veitch, Applied Physics Department, R.M.I.T.,

G.P.O. Box 2476V, Melbourne, 3001

While Auger Electron Spectroscopy (AES) and Rutherford Backscattering
Spectroscopy (RBS) are accepted surface analysis techniques which enable
depth profiling to be accomplished, only a small amount of work has been
done which uses the two techniques together.

The small amount of literature available on the subject includes work
on homogenous Al-Cu Alloys, Al-Cr compound formation and the inter-diffusion
of Au and Ni.

At R.M.I.T., the RBS analysis was achieved using an IONX Tandem
Accelerator which provides a 2 MeV He beam with a current of 50 nA. The
backscattered ions are detected at 170 and glancing angle. The data is
collected by a Canberra MCA and analysed using an HP236 computer. The AES
analysis was achieved using a Varian system with a single pass cylindrical
mirror analyser. The primary electron beam was 5 keV with a current of SOOOnA.
The depth profiling was accomplished by using an Argon ion beam of energy 2 keV
and current 22 nA. The sputter rate at these values was 200 A/min.

The material to be presented includes: N implanted into Fe at energies
25 and 65 keV and doses between 1E17 and 5E17 ions/cm . N implanted into a
Ti-6Al-4V alloy at energies 25 and 65 keV and doses between 1E17 and 5E17.
The effect of the N implants is to reduce the wear resistance of the Fe; Ni
implanted into Al at an energy of 40 keV and a dose of 5E17 ions/cm to reduce
the oxidation rate of the Al; and ion beam induced de-mixing (or radiation
induced segregation (RIS)) in the Pb/Ni system. Here, Pb and Ni films have
been deposited and bombarded by ions whose range equals the film thickness.
As expected, mixing occurs at the interface but the Pb soon segregates at the
surface. The ion species was Kr, at 200 keV with doses of 5E15, 1E16, 2E16 and
3E16 ions/cm . The thickness of the films were, Pb, 500& and Ni, 370&
corresponding to the range of 200 KeV Kr in the materials.



162

A MICROPROBE FOR THE GEOSCIENCES

S.H. Sie1, C.G. Ryan1 and D.N. Jamieson2

CSIRO Division of Mineral Physics and Mineralogy,
P.O. Box 136, North Ryde, NSW 2113, Australia
Physics Department, University of Melbourne,

Parkville, VIC 3052, Australia

ABSTRACT An all electrostatic microprobe lens, based on the "Russian"
quadruplet design, has been constructed and installed at the CSIRO Heavy Ion
Analytical Facility (HIAF). The laboratory, based on a 3 MV Tandetron, is
designed primarily for minerals research. Beam intensity of 0.1 nA was
obtained with a 5 urn spatial resolution. The advantages of electrostatic
systems are discussed, and preliminary applications to geochemical methods of
mineral exploration are presented.

An electrostatic "Russian" quadruplet lens^ ' was incorporated in the
design of the microprobe obviating problems associated with field inhomogen-
eities encountered in magnetic systems, the electrostatic lens, not only
permits the focussing of any heavy-ion beam available from the HIAF 3 MV
Tandetron accelerator, but was readily miniaturized, thereby increasing beam
demagnification while enabling the installation of a 400x normal-viewing micro-
scope with reflecting objective, a Si(Li) energy-dispersive X-ray spectrometer
with filter magazine, and particle detectors, all at back angles (fig. 1).

LENS PERFORMANCE Relevant parameters, including theoretical aberration
coefficients calculated using the beam optics program PRAM[2] are shown in
Table 1. The image size and distribution shown in fig. 2 were calculated using
the programs OXRAY[3] and OXSORT[2] . The effect of misalignments of the
electrodes, which introduce higher harmonics into the transfer matrix, is shown
in fig. 2 as well as the expected image for perfect quadrupole fields- The 1%
sextupole contamination, which corresponds to ~ 1% radial displacement of one
of the electrodes, results in a dramatic enlargement of the image size.

The object aperture was illuminated by focusing the beam from the
accelerator with a conventional magnetic triplet lens. The best focus with the
triplet, as monitored visually on a quartz plate mounted on the object aperture
strip, was 1 mm corresponding to a beam density of 1 pA/(jm for 1 pA beam.
With the 100 |jm diameter aperture, a 10 nA beam was measured in a Faraday cup
immediately after the aperture, and 2 nA of this was accepted by the lens and
focused to a ~ 10 \im diameter beam spot. The spot size is measured visually
with a micrometer operated specimen manipulator, by observing the optical
fluorescence of an opaque surface such as ZnS. Considering that the optical
fluoresence can be induced by the primary X-rays, the observed spot may be an
overestimate of the actual beam spot. The observed image spot was essentially
the geometric image of the object aperture. This was proven when larger object
aperture was used. When the smaller (20 |itn) aperture was used, the halo
appeared to be more dominant, producing an effective beam spot ~ 5 um in
diameter and with an intensity of 0.1 nA. The resultant performance of the
lens was a direct consequence of the precision in the manufacture. Whilst
provision for adjustment of alignment of the lens components was made, this was
found to be unnecessary.

Applications range from hydrogen location in metal stress-corrosion
studies using a 6.5 MeV *F microprobe, to the study of trace elements in
mineral grains using a 3-4 MeV proton microprobe. Trace element distribution
plays an important role in studies of mineral and ore genesis, and in
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Table 1. CSIRO-HIAF microprobe parameters

Total length of the lens
Quadrupole rods diameter
Bore diameter
Entrance aperture
Object distance
Object apertures diameter
Beam divergence
Image distance
Excitation of outer quadrupoles
(voltage for 3 MeV protons) calculated

measured*
inner quadrupoles: calculated

measured*
Demagnification: calculated
Chromatic aberration

<y|06> = 196.0 pm/mrad%

32 cm
6.35 mm
6.35 mm
2.0 mm
A.2 m
200 urn, 100 urn, 20 urn
0.250 mrad
152 mm

7.87 m"1 (V=1.87 kV)
8.24 m l (V=2.05 kV)
12.74 m"1 (V=A.91 kV)
13.15 nf1 (V=5.23 kV)
Dx=Dy = -13.6

<x|06> = 149.A um/mrad7o
Opt lC J.J.I.CI-L. CLL

<y

JC A. L C1UJ.UU

0:> = -si. A
0 $> = 35.9

Rotational aberration
<x
<x

$p. > = <y
$p_> = <y

pra/mrad»
pm/mrad

D.> = -12
D3> = -23

.8

.9
um/mrad
pm/mrad 2

<x
<y

9 3
0$ > = 35.9 um/mrad
$ > = -187. A um/mrad

<x
<x

$p_> = <Cy
$p.> = <y

0p2> = 32.
0p,> = A . 8

•3J

0
o

um/mrad
(im/mrad

* The apparent discrepancy between measured and calculated values may have
resulted from interaction with the magnetic triplet lens, producing a shorter
effective object distance. This effect is under investigation.
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Fig. 1. CSIRO-HIAF microprobe lens and chamber schematic.

REFERENCES

1. S.H. Sie and C.G. Ryan Nucl. Instr,. Meth. (1985), in press.
2. D.N. Jamieson Ph.D. Thesis, Melbourne University, 1985, unpublished.
3. G. Grime and F. Watt, Beam Optics of Quadrupole Probe Forming Systems,

(Adam Hilger, Bristol 1983).



164

geochemical methods of exploration for concealed deposits. Proton Induced X--
ray Emission (FIXE) can yield ppm sensitivity to these elements, permitting a
number of trace-element studies of individual mineral grains.

One of the potentially important applications of beam microprobes is the
study of trace element distribution in pathfinder minerals. As an example,
fig. 3 shows typical spectra obtained from two grains of chromian spinel, a
relatively common mineral in igneous as well as raetamorphic rocks. The
spectrum was obtained with a 3 MeV proton beam, in a Si(Li) detector covered
with a 200 urn Al absorber to improve the detection sensitivity of medium Z
elements. Traces of Zn and Ga, unobservable with electron microprobes, can be
observed quite readily. Such a study requires the analysis of a large number
of samples to establish any possible trend in the distribution.

SUMMARY Beam resolutions comparable to those of most existing microprobes have
been obtained with an all electrostatic lens. Electrostatic lenses are
particularly advantageous for use with electrostatic accelerators, in that the
required excitation is independent of the mass of the beam particles. The
present system includes a normal viewing microscope with AOOx magnification,
enabling observation of beam spots on the face of thick targets - an important
requirement in mineralogical and geological applications.

The success of the electrostatic lens is a tribute to the late Keith
Spiers, who not only constructed the lens meticulously, but also contributed in
a major way to the technical details of the design. Thanks are due to Geoff
Grime (Oxford University) for performing the theoretical evaluation of the
initial design.

Fig. 2. Calculated image intensity distributions for (a) perfect quadrupole
fields, (b) with 1% sextupole contamination in the first quadrupole
and (c) with 1% octupole contamination.

.7

Fig. 3. Sample spectra obtained
from spinel. Major lines are
suppressed using a 200 |Jm thick
Al absorber. Traces of Zn and
Ga (430 and 70 ppm respectively
for top spectrum) can be
observed clearly.
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ASPECTS OF THE CHARACTERISATIONS OF PREHISTORIC CERAMICS

G. R. Summerhayes, Anthropology Dept, Sydney University

P. Duerden, Australian Atomic Energy Commission

This paper presents the use of PIXE and PIGME measurements for
elemental characterisation of prehistoric ceramics from Buka Island
(PNG). The analysis is aimed at identifying local, as opposed to
foreign produced ceramics with the purpose of ascertaining exchange
production in prehistory. The study uses multivariate statistics to
form elemental groupings.

PROBLEM

Although the Bismarck archipelago was settled by people about 10000 B.P.,
the earliest settlement of the Melanesian islands to the east occurs only about
3000 years ago. These earliest settlements are notable particularly for Lapita
ware, a ceramic tempered by shell and beach sand and characterised by dentate
designs and particular shape forms.

Up to the present, most archaeological attention has been focussed on the
Lapita settlements, and this has led to the subsequent record being frequently
seen in terms of migrations similar to those of the Lapita ware makers. This
is partly due to' the traditional methods of analysing archaeological materials,
of which the most common is pottery. Traditional studies of pottery are concerned
with such features as shape, methods of manufacture and stylistic analysis, and
changes in these have been looked at on a regional basis and seen as the results
of movements of people, trade, exchange or some other external development.
Recently, some archaeologists have, begun to look more closely - at local
archaeological records over a long time span, and to argue that the first line
of explanation of changes should be in terms of internal developments within an
indigenous population. The sample which was analysed bears directly on the debate
between external and indigenous developments.

METHOD

Buka, Sohano and Bougainville islands lie in the direct route of any people
travelling or trading from Melanesia (or Southeast Asia) in the Pacific. Three
sites were excavated by Dr. J. Specht, of the Australian Museum, who uncovered a
twenty five hundred year old ceramic sequence. This study involves the elemental
analysis of ceramics from Spechts1 sequence and surface collections. Using
PIXE/PIGME the elemental characterisations of wares were examined in light of
their stylistic attributes to assess the degree of indigenous as opposed to
external influences, thus enabling the archaeologist to re-examine the explanatory
devices used to account for change in the archaeological record. Samples were
selected to cover stylistic/paste variability over time and space.

Samples were irradiated by a 2.5 MeV proton beam from the 3 MV Van de Graff
accelerator at Lucas Heights. In this analysis a beam collimator was used to
allow a 1mm spot on the sample with current ranging from 100-200nA. The sample
chamber was kept at a vacuum of the order of 0.5 mPa or less and charging was
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held at a minimum by a heated carbon filament. For Gamma ray detection a Ge(Li)
detector was located 155mm from the sample at 135 degrees to the direction of the
incident beam and a typical spectrum from one of the samples is shown in Fig.l.
For X-ray detection a Si(Li) detector was placed at 135° to the direction of the
incident beam with a pinhole graphite filter placed in front of the detector to
allow simultaneous observation of both low energy (major elements) and higher
energy X-rays (minor and trace elements) (See Fig.l). A multichannel pulse
height analysis system was used to process the detected X- and gamma rays and
the resulting 2K channel spectra were stored on line.

Although the PIGME/PIXE spectra represent not only the clay matrix but also
any mineral inclusions added to the paste, any groupings would not be anticipated
to equate with a clay source. Apart from the effects of the mineral inclusions,
it has been found that firing, leaching and the general preparation of the
ceramic would also affect the elemental distribution. However the groups formed
can be viewed as a compositional unit and their distribution over space and time
noted. This study is part of a larger one using the electron microprobe and
light microscopy. Yet even in isolation the PIGME/PIXE compositional groupings
should be of value in discerning continuities/discontinuities.

PRELIMINARY RESULTS

Three hundred and twenty samples were analysed by PIGME/PIXE. In house
multivariate statistical programs were used to order the data and form elemental
groupings. Preliminary results show that:

(a) Two major groups are formed, one representative of the shell
tempered paste associated with Lapita ware, the other
representing wares with volcanic sand temper.

(b) Within the second group, minor divisions are discernable suggesting
different compositional units early in the sequence, and only
one compositional unit later in the sequence.

CONCLUSIONS

The preliminary results of the analysis point to a general continuity in
wares with the exception of the shell tempered Lapita ware. Also, there is a
possible reduction in the number of compositional units over time, a result
commensurate with Spechts1results. Although not disproving the thesis that post
Lapita migrations occur, these preliminary results will strengthen a model of
local development. Any statement on the significance of the shell tempered
composition unit however will have to wait for the electron microprobe results
which analyse the matrix of the paste only. If similar clays were being
exploited, this would not be detected using PIGME/PIXE due to the analysis of the
matrix and mineral inclusions. Despite this however, these early results have
proved useful in delineating between compositional paste units over time.
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DOSE EQUIVALENT DISTRIBUTIONS

IN THE flAEC TOTAL BODY NITROGEN FACILITY

B.J. Allen*, G.M. Bailey**, B.J. McGregor***

*Applied Physics, **Health & Safety, ***Nuclear Technology
Australian Atomic Energy Commission, Lucas Heights Research Laboratories

Sutherland, 2232

ABSTRACT

The incident neutron dose equivalent in the AAEC total body
nitrogen facility is measured by a calibrated renuneter.
Dose equivalent rates and distributions are calculated by
Monte Carlo techniques which take account of the secondary
neutron flux from the collimator. Experiment and calcu-
lation are found to be in satisfactory agreement. The
effective dose equivalent per exposure is determined by
weighting organ doses, and the potential detriment per
exposure is calculated from ICRP risk factors.

The total body nitrogen facility (TEN) at the AAEC Research Establishment
has been set up for the purpose of monitoring body nitrogen, ?_rd hence protein,
in malnourished patients with cystic fibrosis from the Royal Alexandra Hospital
for Children, and for chronic haemodialysis patients from Royal Prince Alfred
Hospital. Although TBN studies in humans have been carriad out in the UK, USA,
Canada and New Zealand, this installation is the first of its kind in
Australia.

The principles and design of the TBN facility are described elsewhere in
these proceedings(1). In this paper a detailed determination of the dose
equivalent distribution per exposure is reported, while the radiation dose
from the neutron source is modest by medical standards, it is nevertheless
important to document the dose equivalent depth distribution, effective dose
equivalent and potential detriment associated with a patient exposure sequence.

97 2^9A mCi Cf fission source provides a fission spectrum with strength
1.1 x 10 neutrons s~ (at 20/12/84). The source is located in a borated
paraffin shield stack and collimator 578 mm below a 20 mm thick wooden table
top, on which the patient is passed over a 230 x 230 mm beam aperture. The
entrance gamma ray dose rate was measured at the table top with a gamma dosim-
eter to be 19 mrad h~ . Because of the wide neutron energy range of the Cf
fission spectrum, and the contribution of collimator scattered neutrons, the
neutron dose equivalent is measured with a remmeter with response proportional
to the ICRP neutron flux to dose rate conversion factor. An Eberline model
PNR-4 remmeter with a 225 mm diameter spherical moderator at.d demountable
electronics and dosimeter module was used.

252The remmeter was calibrated with the Cf source to be used in the TBN
facility. The calibration was performed in open air at a source height of
1.52 m above a concrete water tank. The product of the remmeter reading at a
given source-detector distance and the distance squared was constant to 1.3%,
after corrections^' were applied for neutron scattering, finite detector
size and neutron attenuation in air.
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The calibrated remmeter was then placed partly in the aperture of the T3N
facility such that its centre was at the height of the top of the patient
table. A number of water filled plastic bottles were placed around the rem-
meter to simulate body scattering (~ 10% effect). The patient neutron entrance
dose (without table) was found to be 475 mrem h (4.75 mSv h ) with a 10%
uncertainty. The uncollided dose equivalent rate is calculated for an average
neutron energy of 2.2 MeV, using the ICRP conversion factor
"5 = N(E) d(E) D(E)/N(E) dE = 0.119 mrem h /ncm~2 s . The uncollided
entrance dose is Do = 1.1 x. 10

8 x 0.119 (4iv(57.8) 2)-1 = 311 mrem h"1.

The ICRP flux to dose factors are obtained by Monte Carlo calculations^3)
for a cylindrical body phantom. A neutron of the required energy is assumed
normally incident and the factor is the maximum absorbed dose in the phantom.
In these Monte Carlo calculations, the current crossing a boundary was deter-
mined and ICRP factors used as the response function. The boundary had no
phantom beh:nd it because ICRP factors already include the effect of back-
scattering in this phantom. The geometry used is shown in reference (1). As
observed experimentally the calculations show that the neutron dose increases
with the wedge collimators in place.

The neutron dose was calculated for six source angular bands, the first
band corresponding to a direct beam passing through the detector of radius
115 mm. Results show that as the bands widen out a scattered neutron component
from the collimators is found which sums to ~ 37% of the total dose, i.e. the
total dose equivalent increases to 509 mrem h~ with the wedges and lead
shields in place cf 471 mrem h~ for an open collimator.

The 509 mrem h can be compared with the experimental value of 475 mrem
h"1, a 7% discrepancy which is not outside the errors involved in both experi-
ment and calculation. The table top is 20 mm thick which causes an attenuation
of ~ 13% to both values. We adopt the average of experiment and calculation to
give the best -estimate of the neutron entrance dose equivalent above the table
top, i.e. ~ 440 ± 24 mrem h"1 (4.4 mSv h"1).

The dose depth distribution was measured by interposing 2 L water bags
between the table top and neutron remmeter, correcting for the solid angle
factor at the effective centre of the remmeter. The dose depth distributions
for the phantom are given below.

Thickness (cm) 0 4 8 12 16

D (mrad h )
Y
D (mrem h )
n
D (mrem h )
T

19

440

459

15

211

226

13

123

136

10

71

81

9

51

60

If the patient is exposed in both supine and prone positions, the dose
depth distributions (mrem h ) are averaged to be:

Depth 0 4 8 12 16

Child
Adult

270
260

181
154

181
136

270
154 260

The effective dose equivalent^) is obtained by weighting the estimated
dose equivalent (HT) for individual organs by the ICRP weighting factors (WT)
and summing.



170

Organ

Gonad
Breast
Marrow
Lung
Thyroid
Bone
Remainder

Weight

T

0.25
0.15
0.12
0.12
0.03
0.03
0.3

Hip

Child

270
181
181
181
270
181
181

Adult

260
154
136
136
260
136
154

HET

Child

68
27
22
22
8.1
5.4
54

Adult

65
23
16
16
7.8
4.1
46

The anterior/posterior effective dose equivalent rates are then 210 mrem
h" for a child and 180 mrem h for an adult.

For ~ 4% statistics on the net nitrogen yields/ a total exposure of 15 min
is required. Patients are passed over a neutron beam defined by a 23 cm square
aperture and exposed from neck to knee. This is achieved by irradiating the
body in 26 cm increments, allowing for thermal neutron overlap as measured by a
Li glass monitor in a water phantom. A child will have three incremental
exposures and an adult four. The effective, dose equivalents per 15 min expos-
ure are therefore 18 mrem for a child and 11 mrem for an adult. These values
are a fraction of current X-ray dose levels.

Risk factors^4^ can be used to weight organ doses so as to estimate the
likelihood of inducing fatal malignant disease or substantial genetic defects
in live born descendants. For a child undergoing supine and prone exposures in
three positions over a 15 minute exposure time:

Risk Factor
(Sv-1)

Gonads (Hereditary)
Marrow (Leukaema)
Bone (Cancer)
Lung (Cancer)
Thyroid (Cancer)
Breast (Cancer)
Other

10
2
5
2
5

2.5
5

X

X

X

X

X

X

X

10"
10"
10"
10"
10"
10"
10"

3
3
4
3

3̂
3

Dose Equivalent
(mSv)

0
0
0
0
0
0
0

.23

.15

.15

.15

.23

.15

.15

Detriment
(10"6)

2
0
0
0
1
0
0

.3

.3

.8

.3

.2

.4

.8

ICRP is increasing the quality factor for neutrons by two, so all dose
equivalents and risk factors will be increased by about two. The potential
detriment for a child is then ~ 10~5, i.e. one in 100,000 chance in a lifetime
of inducing a cancer as a result of the neutron exposure. This risk is offset
by the potential gain to the patient resulting from an improved knowledge of
protein response to supplementary nutrition.
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DENSITY MEASUREMENTS IN A HETEROGENEOUS SOIL SYSTEM

D J Wilson* and w W Plotnikoff**
*Applied Physics Division **Environmental Science Division

Australian Atomic Energy Commission
Lucas Heights Research Laboratories

Private Mail Bag
Sutherland, 2232

The interpretation of moisture probe measurements is strongly
dependent on the dry soil density. This paper discusses the derivation
of a gamma density probe calibration curve for use in a heterogeneous
material, and whether the constituents of a mine overburden heap be
within the limits imposed by the technique. The effects of soil
variability on the density precision and on the subsequent moisture
measurement are considered.

1. INTRODUCTION

A uranium mine overburden heap at Rum Jungle N.T. is the site of
an extended interdisciplinary experiment to determine the effect of the
heap as a source of pollution and the results of attempting pollution
control. The pollution takes the form of heavy metals leached from the
overburden heap, and thus depends upon the waters distribution within
the heap. Because of its strong dependence upon soil density (Wilson1,
Ritchie and Wilson2) it is essential to determine the density profile.
If conditions are suitable this density profile can be obtained using
a gamma density gauge.

2. BASIS OF THE DENSITY MEASUREMENT

Czubek3, Czubek and Guitton1*, using the principles of similitude
and fitting to experimental results, derived the equation:

I = A (pr)B exp (-Cpr) (1)

in which r is the average source-detector separation and A,B and c are
constants which depend on geometry, the electron density Z/A and the
equivalent Zeq (Christensen5, Z/A and Zeq were determined from the
chemical analysis of the material removed when drilling the access
holes and A was to be determined from measurements in a known density.
Figure 1 is the derived response curve.

In order to avoid problems in solving the above equation for p,
the curve was fitted with a polynomial between the limits of 0.8 and
2.5 g cm"3.

3. Z AND ITS EFFECTS

The shape of the scattered gamma ray spectrum in different media
remains constant if the ratio:

Photoelectric attenuation coefficient of the medium _ yph ,,.— — — \ &)
Compton attenuation coefficient for the same medium yc

remains the same function of the photon energy (Czubek3, Christensen6).
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This ratio is determined from the analysis of rock samples taken
from each 60cm of the borehole and Zeq, and was found to be constant
at each depth over the energy range examined. This fulfils the require-
ment of equation 2 and indicates that the technique is satisfactory for
use in this medium.

Zeq is constant above the original ground level and constant
but different below this level (a duplex soil system). The variations
in these Zeg can be attributed to uncertainties in Pph/Pc or in the
chemical analysis.

The errors introduced into the soil density by the deviation of
Zeq can be assessed using the factor (Czubek

3).

F ~
(AE,rnei,Zi )

where Z is the Zeq of a reference medium, Io is the intensity of the
scattered gamma quanta from a point source of energy Eo and is a function
of AE (the energy region for registered photons, i.e. the range above
the cut-off energy, rne, the surface electron density, and the value of
Zeq- For the system where Zeq = 13.96 ±0.33 above-ground level:

Count rate for Zeq
F = = 0.9315 ±0.0035 (0.38%) <4)

Count rate for H20

for Zeq = 12.37 ±0.19 (the below-ground value), the F value is 0.9469
±0.0021 (0.22%),

With no change in density, the change in Zeq from above to below
the ground level will cause a change in count rate of -1.65 ±0.44%.

If the duplex soil condition is not appreciated, a value for Zeq
of 0.9354 ±0.0080 is determined and the 'standard deviation of the count
rate ±0.86%.

Previous work (Wilson1, Ritchie and Wilson2) shows that with this
particular soil at a density of about 1.6 g cm-3 (the mean density of
the heap), these Zeq variations will introduce moisture deviations which
are slightly less than those in the count rates.

4. THE Z/A EFFECT

If Z/A is constant, the intensity of scattered gamma rays will be
proportional to the density. In a heterogeneous medium the condition
for no Z/A effect may be written:

Ps (Z/A) " fixture ̂  Pi (Z/A>i (5)

where s is some standard, and pi is the weight fraction of material i in
the mixture.

Many soils have a fairly constant Z/A value close to 0.499, and a
single calibration curve is sufficient; otherwise a calibration curve
can be tailored to suit the probe and the particular soil. When
comparing densities in media of differing Z/A it would be impracticable
to calculate a calibration curve for each region. However, small
variations in Z/A can be considered as just another error to contend
with.
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In the overburden heap, Z/A is fairly constant (0.4960 ±0.0008)
and, assuming that the intensity of the scattered radiation is
proportional tc the electron density, a standard deviation of ±0.16%
in Z/A will result in a standard deviation of about ±0.16% in the count
rate. This will result in an error of slightly less than ±0.16% in
the moisture content.

The above and below-ground level analyses show a change of
0.36 ±0.1 in Z/A. Given the counting statistics and the spatial
resolution of the probe this would be scarcely detectable.

The major Z/A effect occurs in the presence of water, since Z/A
1-4* f*.̂ ^ ^ «•» \̂ C. C C. f^\~i *̂ *i ^4* ̂ tv* r^^-x^t ** ^^ f» f^ *-* f^ *w^ «-i4* •! ^*kw* £L 4*- f^ f*r*v*v*r^ i~* V* *.v*^£* J3 >^ w* ftm •!for water is 0.555.

to dry:
Christensen5 uses equation 6 to correct wet density

dry = P,wet
- 0.114 v (6)

where v is the volume per cent of water.

5. FIELD DENSITY MEASUREMENTS AND THEIR INTERPRETATION

Measurement on the overburden heap have been made at regular
intervals over about two years, using a concrete block with an axial
hole in which to normalise the gamma probe. In spite of good counting
statistics, the variation in the concrete block count rates could not
be associated with particular happenings, such as the expected decay of
the 137CS source. Consequently, the block was abandoned and the dry
soil density of the heap used for normalising.

Different calibration factors were applied to each of several
vertical scans to minimise the sum of the difference in the calculated
dry soil density at each station. An overall calibration factor was
then applied to make the mean volume weighted density equal to the
measured bulk density. Figure 2 shows a set of corrected dry soil
density scans made at different times in the same hole.

6. CONCLUSIONS

Measurements of density profiles in an overburden heap requires
careful assessment of the composition of the soil and its effect on
the calibration curve. The failure of the concrete block as a standard
may have been due to lack of ageing before use or to its size; perhaps
a steel block would be more satisfactory.

The final density profile shows slight differences between top and
bottom which may be attributable to a temperature gradient.

The mean variation of several density measurements at several
thousand measuring points throughout the overburden heap is ±2%.
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A NEW PIXE/PIGME ANALYSIS FACILITY

David Carton

Nuclear Applications/Applied Physics

Australian Atomic Energy Commission

Lucas Heights Research Establishment

A new PIXE/PIGME ion beam facility is being developed for use on the
3MeV Van de Graaff accelerator. It will be used to analyse geological
samples prepared on microscope slides. The samples will be movable in
the X and Y axis using remote or computer controlled motorised micro-
meters. Other features of the rig include remote selection of X-ray
detector filters and beam defining apertures. Beam current monitoring
is by backscattering, whilst target positions are determined optically
using a variable gain borescope. The rig will be a useful tool when
analysing very small targets or when target scanning is necessary.

1. INTRODUCTION
Limitations of the Lucas Heights PIXE/PIGME analysis system were highlighted

by preliminary experiments made on crystalline rocks from the Ranger (NT) uranium
ore body. Interest in scanning smaller regions of the targets with greater
positional accuracy has led to the development of a new PIXE/PIGME rig that is
dedicated to the analysis of these rocks.

The samples to be used in this facility will be prepared on microscope slides
so that correlation of the data from PIXE/PIGME with identified minerals can take
place.

The XY target holder has position resolution to 0.1 micrometres which allows
investigations of small areas on the target. The beam diameter can be varied to
50pm or greater during operation, whilst the target can be positioned with the
aid of an optical borescope.

2. TARGET POSITIONING
The highly accurate movement of the target holder in the X and Y axis is

achieved by using motorised micrometers. These micrometers have remote control
and digital readouts with accuracy to within 1 micrometre. As veil as remote
control the micrometers will be computer controlled for multiple position scanning
of targets. Stability and linearity of target holder movement is maintained by
using linear ball slides mounted onto rigid stands. Translation of movement of
the micrometers to the target holder, is via a sliding vacuum seal which also
acts to decouple the vacuum chamber from atmosphere pressure.

The thickness of the prepared microscope slides will be either 1 or 2 mm
depending on their origin; loading the specimens into the target holder is done
through the top port of the chamber. The front face of the specimens will be
the centre line of the chamber perpendicular to the incident beam, and all move-
ments should remain parallel to this face.

An optical borescope has been installed in the chamber for specimen
location and point identification. The borescope is fixed in position and its
centre is angularly defined to intersect with the beam point location on the
target face. This allows visual scanning of targets from n reference point so
that points of interest can be recorded through their coor :ates. When using
the borescope, illumination of the target can be from the iront or rear by a
transmitted light source.
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3. CONSTRUCTION AND LAYOUT
The rig has been specifically designed as a single target analysis PIXE/

PIGME rig. Allowances have been made for various non standard features to be
incorporated into the rig, the layout of which can be seen in Fig.l.

The vacuum chamber, which houses the target holder and accessories, has
been designed symmetrically so that it may be used upside down if reversal of the
detectors are required. Only modifications to the base plate are necessary to do
this change. For the PIXE/PIGME analysis of the specimens it is important to
reduce contaminants into the system, stable vacuum down to 0.1 mPa using turbo-
molecular vacuum pumps with liquid nitrogen cold traps will reduce contamination
of hydrocarbons and other gases during analysis of targets. The chamber has been
forged from stainless steel to reduce the number of welds during construction and
ultimately reduce pump down time. To reduce oxidation and hence outgassing in the
chamber, all metal components are either nickel plated or polished.

The target holder is mounted on linear ball slides and driven in the X and Y
direction differentially by two motorised micrometers. The ball slides prevent
run out and ensure repeatability accuracy to within 0.0025mm. Coupling between
the slides, under vacuum, and micrometers, at atmosphere is via 4" rotary/sliding
seals. (See Fig.l). These are also used on the final aperture selector assembly.

For final beam collimation, a selectable aperture provides four different
collimation holes which can be selected at atmospheric pressure or under vacuum.
The strip may be changed for a different variety of holes during the target change
cycle.

A new beam line has been designed for the chamber. After the beam has been
deflected by the switch magnet down the beam line, it is collimated by a coarse
water cooled circular aperture. A quadrupole magnet follows to reduce the cross
section of the beam and also help stabilization. Alignment of the beam from the
quadrupole will be achieved through the use of electromagnetic beam steering.
The direction will be indicated by the amount of current that is measured on
four individual graphite slits. These slits are at right angles to each other
and are located downstream of the beam steering. When the beam is satisfactorily
passing through the slits it will pass through a fine 1mm diameter collimator
aperture.

From here the final beam size is determined inside the vacuum chamber by
selecting one of the 4 final apertures.

4. DETECTORS
The X- and y ray detectors are both located at 45° backward angles from the

target face.
The Y ray detector is a standard ORTEC coaxial high purity Germanium

detector inside a horizontal cryostat with a 70mm diameter top hat. With this
configuration and the ability of the gamma ray port in the chamber to hold an
inverted top hat, the detector may be positioned very close to the target; this
is ideal for low count situations.

The X-ray detector is an ORTEC horizontal cryostat Si(Li) with an upright
dewar mounted on a 100mm linear travel guide. This detector is mounted on the
left hand backward 45° angle. A provision for 4 X-ray filters to be remotely
selected during operation (under vacuum) of the rig has been installed and this
will travel in parallel with the X-ray detector.

5. CURRENT MEASUREMENT
Current measurement during the PIXE/PIGME analysis is critical if elemental

composition measurements are to be made. The crystalline rock specimens may
contain substantial quantities of quartz and other insulating materials that will
cause an enhanced background in the PIXE spectrum and will necessitate the use of
an electron flood. Because of this an alternative current measurement technique
to that of direct current measurement has had to be included in the system. The
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basis of this technique is backscattering from a rotating gold coated graphite
vane which chops the beam at approximately 3.5Hz. Counts will be monitored via a
single channel analyser and will be calibrated against a direct current measurement
made with a Faraday cup mounted at the rear of the chamber. Secondary electron
emission will be reduced by the use of an electron suppression plate mounted
directly after the final aperture.

6. SPECIFICATIONS
The specifications for various equipment on the rig are listed below:

XY Movement

45mm
25mm

Backlash in XY translations 6*ym
Typical resolution of
positioning 0.1 ym

X travel (total)
Y travel (total)
Scanning range on target X 20mm

Y 20mm
Speed of travel in XY
translation max 12.5mm/min

min 0.03mm/min

* 6 ym backlash assuming that

1. There is > 500g load.
2. All mechanical linkages between micrometer tip and target holder are kept in

constant contact.
3. Temperature and load remain constant. Repeatability of this backlash is

to within 0.1 ym.
A 0.1 ym resolution utilizing quadruture signals. 0.02 ym calculated

disregarding quadruture signals.

Optical borescope

Typical magnification* 6:1 at 25mm. Angle of view 0°. Field angle 45°.

"•when borescope is fitted with a magnification doubler.

Selectable Aperture

Number of apertures 4. Sizes typically, 1.0, C.5, 0.1, 0.05mm diameter.
Resolution at location (vertical location only) 0.02mm.

X ray detector

borescope

final aperture

BEAM IN

Gamma ray
detector port

beam
scatterer

X ray filter changer

target holder

light source

target positioner

Figure 1 Schematic of the target chamber
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APPLICATION OF APATITE FISSION TRACK ANALYSIS TO HYDROCARBON EXPLORATION

I.R. PUPPY, P.F. GREEN, A.J.W. GLEAPOW, S. MARSHALLSEA, P. TINGATE,

G.M. LASLETT, K.A. HEGARTY AND J.F. LOVERING

Geology Pepartment , University of Melbourne, Parkville, Victoria, 3052.

Abstract.

The temperature range over which fission tracks in apatite show observable

annealing effects coincides with that responsible for the maximum generation of

liquid hydrocarbons. Work is currently in progress in a number of Australian and
overseas sedimentary basins, applying Apatite Fission Track Analysis (AFTA) to

investigate the thermal evolution of these hydrocarbon prospective regions.

INTRODUCTION

Apatite Fission-Track Analysis (AFTA) is emerging as an important new tool for
chermal history analysis in sedimentary basins. At temperatures between

approximately 20° and 150°C over times of the order of 1 to 100 million years,
fission tracks in apatite are annealed. This is due to a rearrangement of the
damage present in unetched tracks, with the result that less of a track is
otchable than in fresh newly created tracks. Because of this, the length of an

etched fission track reduces with increasing annealing, and in turn, the track
density (and hence the fission-track age) is also decreased. In selected

boreholes in the Otway Basin, southeastern Australia, apatites from the Otway
group show reduction in confined fission-track length and apparent fission track

age, in a fashion characteristic of a simple thermal history in which samples are
at or near their maximum temperatures at the present day. Track lengths show a

steady decrease from lengths of approximately 15 urn in outcrop or near surface

samples, to zero at about 125°C. Fission-track ages however show little or no
decrease in age until temperatures exceed about 70°C. Above this temperature,
ages rapidly reduce to zero at about 125°C.

ANNEALING OF FISSION TRACKS.

Fission-track data from the Otway Basin contain more information than the

simple decrease of age and length. The distributions of single grain ages show

characteristic patterns, particularly above 90°C. The distribution of track

lengths is also diagnostic of temperature. In particular, in samples at present

temperatures between 102°C and 110°C, the distribution of lengths is almost
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flat, with tracks of all lengths from approximately 1 urn to 16 um. The
temperature- sensitive fission-track parameters observed in the Otway Basin may

be applied in other basins to elucidate paleotemperature details. In cases of
mixed provenance, individual grain ages may be identified using the external

detector method. Fission- track lengths in apatites contaning a significant
track record at the time of deposition are generally characterised by one of two

types of distributions, greatly simplifying interpretation of distributions of
track lengths in samples showing significant down-hole annealing.

Presence of an inherited track component, or conversely of a total loss of
tracks at some time since deposition, can be identified by a comparison of the

stratigraphic age with the length-corrected fission-track age. Investigation
of five fission-track parameters then allows semi-quantitative constraints to be
place on thermal history. Experiments are in progress to place this procedure on
a more rigorous, quantitative basis.

DEVELOPMENT OF MODELLING TECHNIQUES.

In the last ten years, several thermo-mechanical models have been proposed to

account for the observed subsidence history in sedimentary basins. Subsidence
patterns calculated from exploratory well data (from wells drilled in the basin)

are compared to model-dependent predictions of subsidence, thereby testing the
basin model. However, we have recently shown that the pattern of subsidence is

not a diagnostic attribute of each model, and that subsidence data must be
combined with palaeo- temperature data in order to rigorously discriminate
between basin models.

In the past few months , we have been successful in merging palaeo-temperature

information from fission tracks with subsidence data. The computer software to
bring the two data sets together has now been developed. The constraints imposed

by the fission track subsidence data have improved modelling techniques for the

evolution of sedimentary basins.

AFTA offers numerous advantages over the other thermal history analysis
techniques including the ability to provide a chronology of events. The method

is now established in hyrdrocarbon exploration as a quantitative maturation

indicator, and should find common application.

CASE STUDIES.

Amadeus Basin

The apatite fission track ages so far indicate that the Amadeus Basin has been

subjected to significant heating associated with burial due to the deposition of
the Pertnjara Group. Most samples give ages indicating that they have been
subjected to temperatures in the past of at least 75°C leading to fission track
length reduction. Evidence from corrected ages in the northern part of the basin
suggests that present-day outcrops of Pertnjara Group were buried to

temperatures of 75 to 100°C whilst the underlying Pacoota Sandstone and older

formations were subjected to temperatures of at least 100°C which totaly
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destroyed pre-existing tracks . This burial and heating was probably associated

with the deposition of additional amounts of Brewer Conglomerate, which are no
longer represented in the basin due to erosion. Towards the end and probably
after the close of deposition of this unit the basin was folded and then uplifted.
Formations which had been totally overprinted now have similar outcrop ages since
they are reflecting the uplift and cooling of the folded structures rather than
the stratigraphy. Further south in the basin the Pacoota Sandstone ages
increase indicating that they have been subjected to lesser temperatures and the
apatites were not totally overprinted around the time of the Alice Springs
Orogeny. It is in these regions that the Pacoota Sandstone has been heated to 80-

100°C and is oil mature.
The track length data collected so far is very similar irrespective of the

apatite or stratigraphic age which suggests a similar uplift and cooling process
across the basin. The relatively small amounts of long (14-16 micron) tracks

indicates that most of the tracks formed at temperatures of 100-50°C so that they
could be shortened after their formation.

Bowen Basin
Additional fission track data from samples of the Upper Permian Blackwater

Group have shown that there is a region of low apatite ages of between 100-150 Myr
centred just north of Dingo. Apatite ages then increase westwards and
southwards away from this region. The relationship of apatite age, mean track
length and track length distribution indicates that the palaeotemperatures
reached in these sampled areas varied but was less than 125°C, whereas in the
Dingo area maximum palaeotemperatures exceeded 125°C. The young apatite ages
could reflect either greater burial depth in the area, or a Cretaceous thermal

event or a combination of the two.

Cooper - Eromanga Basin
Two pilot studies have been completed in the Cooper-Eromanga Basins. The

Cooper Basin study involved samples from wells in the South Australian section of
the Basin and has resulted in proving the presence of apatite in the Jurassic
sequence. Fission track analysis of two samples does not provide clear cut
thermal history results but indicates the technique is viable in this Basin.

Outcrop samples from the Queensland section of the Eromanga Basin showed the
presence of suitable minerals from the Jurassic to Cretaceous section. Fission
track analysis generally indicates that outcropping samples in the Tambo region
have not been significantly heated since deposition.

Appalachian Basin (New York State)
Fission track analysis of Devonian sediments across the northern Appalachan

Basin (with D.S. Miller, RP1 N.Y.) has revealed a regional early Cretaceous
cooling event involving several kilometers of uplift and erosion. The uplift
model provides a viable explanation for the occurence of the historically

important shallow oil field province of S.W. New York State and Pennsylvannia.
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REE Determinations in Single Mineral Grains Using RNAA

JOHN BISHOP

Dept. of Geology, University of Melbourne

Abstract :

Rare earth elements (REE) are determined with ppm sensitivity in single
mineral grains by radiochemical neutron activation analysis (RNAA) using a
fusion dissolution process and a quantitative group separation scheme
followed by radioassaying.

Introduction :

The REE have been used extensively to provide data on chemical
fractionation processes in natural systems. Their chemical properties are
similar and vary systematically with atomic number and thus their relative
concentration patterns in rocks and minerals can often provide detailed
information on geological formation and evolution processes. Due to the
very small sample size, typically 50 to 500 micrograms, the analytical
technique used needs to be extremely sensitive. This criterion is
fulfilled by the technqiue of Bishop and Hughes (1984), which is basically
a cation exchange chromatography method of REE group separation. This
procedure allows the measurement of eleven REE (La, Ce, Nd, Sm, Eu, Gd, Tb,
Ho, Tm, Yb, Lu) at ppm levels in single mineral grains with high precision
and accuracy.

Method :

The method.consists of encapsulating the sample grains and standards in
sealed quartz glass tubes and irradiating them in the X-7 rig (flux 4 x
10 12 ncm~2 S"1) of the HIFAR reactor, Lucas Heights for 24 hours with a
subsequent 24 hours cooling period. The tubes are then opened and the
samples and standards 6re fused in Mi crucibles with Na202/NaOH plus REE
inactive carriers to rapidly dissolve the irradiated samples. They are
then water leached with the REE remaining as insoluble hydroxides. After
dissolution in HCl the REE are separated as a group using a cation exchange
resin and only mineral acids as eluents. One molar HCl is used intially to
remove any remaining Na and other alkali metals, anions and complexes, Mg
and some Ca. Sufficient HN03 (2M) is used to remove the alkaline earths
and H2S04 (1M) then elutes the Sc, Zr, Hf and Th. The REE are finally
eluted as a group with strong HCl (5M). This procedure has several
advantages and has proved to be efficient and capable of processing up to
20 samples at a time. The REE separation is quantitative, the individual
elements are not chemically fractionated and they are radiochemically pure.
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Results and Discussion :

REE are commonly used extensively in modelling the genesis of both igneous
and sedimentary rocks. The importance of REE enriched accessory mineral
phases in such models is being recognized i.e. only small amounts of an
enriched phase needs to be fractionated, retained in a residue or mixed
from end member components to drastically alter the REE content and
chondrite normalized patterns for whole rock samples.

In the case of apatites their enrichment in light and medium REE has been
used in petrogenetic schemes. Chondrite normalized plots such as Fig. 1
are commonly used for such work. However, our work on individual apatite
grains from a variety of rock types has shown that there is great
variations in REE contents in different rock types (Fig. 2).

Zircons are commonly occurring accessory minerals that contain high REE
contents. Unlike apatites, their REE contents are fairly uniform with high
heavy REE enrichment (Fig. 3). Determination of the light REE contents of
zircons is difficult due to Uranium fission product interference producing
La, Ce and Nd. A method has been developed to correct for this
interference using the Ba140 fission product and correlating this to the
production of REE using U standards.
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ION SCATTERING FROM 50eV TO 5MeV

D.J. O'Connor
Department of Physics

University of Newcastle, N.S.W. 23C8

INTRODUCTION

The use of 1on scattering over a w i d e range of energies is a power fu l
sur face ana l ys i s technique. The informat ion it y ie lds ranges f rom sur face
layer sensitivity at low energies through to analysis to a depth of the order
of a micron or more at the higher energies. To many researchers, the
application of ion scattering at different energies is almost equated to the
appl icat ion of entirely di f ferent techniques. Scattering over the energy
ranges of 50 eV to 5 Mev has a great deal in common and can be treated as
dif ferent aspects of the same process if the underly ing processes are
understood. For convenience, ion scattering has been div ided into three
categories characterised by an energy range and each, supposedly, with its own
separate character ist ics and application. The d iv is ions between these
categor ies are hazy and subject ive but are general ly accepted to be
represented by:-

1) EQ < 10 keV Low Energy Ion Scattering (LEIS)
2) 10 keV < EQ < 500 keV Medium Energy Ion Scattering (MEIS)
3) EQ > 500 keV Rutherford Backscattering Spectrometry (RBS)

The accepted d iv is ions result in LEIS being a sur face atomic layer
sensitive technique, MEIS a near surface «100nm) probe, and RBS a reliable,
quantitative probe to depths of a micron or more. The upper energy limit, for
RBS can be extended beyond 5 MeV, but is set at that value in this discussion
to preclude much interference from nuclear reactions.

The reasons for the di f ferent appl icat ions of these ion scattering
techniques lie principally in the physical processes associated with the ion-
solid interaction, but the equipment used to detect the scattered projectiles
also plays an important role. It is the detection equipment itself wh ich
dictates the energy and depth resolution, as well as the surface selectivity
at di f ferent energies. These aspects w i l l be addressed in greater detail
later. In the first instance the common features of ion scattering at all
energies will be described.

ELASTIC SCATTERING

When a projectile and a target atom collide the scattering process can be
treated as an elastic process. This means that the energy loss to electronic
excitations 1s sufficiently small to be regarded as negligible. The empirical
observation is that over most of the energy range under review, the electronic
loss component is we l l be low 1% of the projecti le's energy in a hard
col l is ion, and thus negligible w h e n compared to elastic energy transfers.
Collisions between atoms can be treated as simple binary events because even
at low energies the d is tance of closest approach 1s much less than the
interatomic spacing so the collision only involves one atom at a time. Below
50eV it may be necessary to consider the simultaneous interaction with more
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than one atom of the solid. The energy of a projectile after scattering
through a angle 6, is given by

M,
l_ 1 I ~ . / 7 _ _• o _ I

K = = cos 6 ± /u2 - sjn2 e
L i + v J

where E0 is the initial projectile energy, and M^ and M£ are the projecti le
and target atom masses respectively. The minus sign only applies if the mass
ratio, p > is less than unity.

SCATTERING ANGLE AND CROSS SECTION

Over the energy range of 50eV to SMeV the interatomic potential can be
treated as purely repulsive in a collision. At high energies the interatomic
potential can be represented by the coulombic repulsion of the nuclei, but at
lower energies when the nuclei fail to fully penetrate the electron shell of
the collision partner, the nuclear charge is screened by the inner electrons
and the coulomb potential must be modified by a screening function. From the
scattering intergral it is possible to determine the differential scattering
cross section. At energies below 500 keV, the screening becomes significant
and the differential scattering cross section exhibits marked departures from
the Rutherford cross section.

With the differential scattering cross section it is possible to predict
the scattered particle yield, Y.

Y = N0N1An (doAtf) (T . P) (2)

NO is the number of projecti les, N, is the number of target atoms per
unit area, Af l is the detector solid angle and (do/d.Q) is the d i f ferent ia l
scattering cross section. The b racke t ted te rms ref lect the detector
properties, with T representing the transmission probability, and whi le P is
the. probability of detecting a transmitted particle.

THE SPECTRUM OF SCATTERED PARTICLES

When a project i le is scattered from a surface atom into a detector it
wil l have an energy given by equation 1. Any projectile which penetrates the
surface will lose energy on the inward path (fig 1), scatter elastically off
an atom and lose energy on the outward path. As a result it wil l arrive at the
detector with an energy Ei given by

- x
dx cose2 dx' ,,,

Clear ly a k n o w l e d g e of the rate of energy loss can be used to t ranslate
the energy loss to a depth scale. An energetic part icle in a sol id loses
energy to the atoms and electrons through weak collisions. It is these losses
w h i c h prov ide the 'depth gauge1 for the scattered ions. In most cases the
energy loss to the electrons far exceeds that to the atoms of the solid. As a
rule of thumb, the electronic energy loss dominates at energies greater than
M^ keV, w h e r e M^ is the project i le mass in amu. At low energies the energy
loss rate (s topping p o w e r ) 1s proportional to velocity, but it peaks at
energies between 0.5 - 1.0 MeV, and then decreases at higher energies.

The abi l i ty to resolve scattering from di f ferent depths is inversely
proportional to the stopping power so that, all else being equal, projectile
energies of 0.5 - 1.0 MeV would appear to give the best depth resolution. This
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1s af fected by a number of experimental parameters wh ich wi l l be discussed
below.

THE EFFECT OF EXPERIMENTAL PARAMETERS
Typical energy spectra obtained using dif ferent incident energies are

shown in f igure 2. The di f ferent aspects of scattering appropr ia te to each
energy range are described in the following sections.

RBS - The surface barrier detector p lays the role of energy analyser and
detector at high energies. This device is 100% eff icient in detecting the
scattered projectiles, regardless of their charge state. The energy resolution
is constant at all energies with the best routinely achieved values being 12
keV for He and 8 keV for H. Under these condit ions the depth resolution 1s
optimum when the stopping power is a maximum.

One of the greatest strengths of RBS lies in the unit e f f i c iency of the
detector for all charge states. As all projectiles scattered into the detector
are registered, and the scattering cross section is known at these energies,
the composi t ion of a target can be determined (in theory) wi thout resort to
standards or calibratioi. procedures. Of almost equal importance is that all
projectile energies can be measured simultaneously.

One of the d isadvantages of surface barrier detectors is that they
effectively limit analysis to the use of H and He projectiles as more massive
projectiles result 1n considerable detector damage and reduced operat ional
1ifetime.

MEIS - The transition to medium energies carries with it both advantages and
disadvantages the relative importance of which depend on the target properties
under analysis.

The surface barrier detector can be used at medium energies, although the
f ixed energy resolution limits its usefulness at these energies. A more
suitable ana lyser is an electrostatic (or less commonly a magnet ic ) energy
analyser. The electrostatic energy analyser has the advantage that its energy
resolution is a constant f ract ion of the pass energy (typical ly 0.5 - 2.0%).
Although this can mean that 1t has a better energy resolut ion than su r face
barr ier detectors to energies in excess of 1 MeV, it su f fe rs f rom the
disadvantage that it only detects charged particles (typically 10 - 90% of all
scattered projecti les a these energies) and only passes a small f ract ion of
the total spect rum of part ic les scattered at any one time. Although it is
necessary to account for the transmission and detection efficiency with these
analysers, such quantities are well known.

The signal loss result ing f rom the d isadvan tages descr ibed above is
offset by the dramatic increase in scattering cross section at lower energies
and the abi l i ty to use more m a s s i v e projecti les (eg Ne, Ar) whose higher
atomic number results in a further increase in cross section. The higher mass
projectiles also enhance the mass resolution over that which can be achieved
with He porjectiles.

The improved energy resolut ion and the energy dependence of the
resolution results 1n a significantly improved depth resolution as shown 1n
table 1. The major current use of MEIS is in the study of su r face and near
surface structure.

LEIS - At low energies the energy ana lyse rs usual ly take the form of the
electrostatic device described previously, although time of flight is used in
some research app l ica t ions. The pr incipal app l i ca t ion of LEIS is in the
structure and composition analysis of the outermost atomic layer.
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The use of electrostatic analysis means that LEIS has similar advantages
and disadvantages to MEIS with one or two qualifications. The cross section
for scattering at low energies is so large that a major fraction of the beam
is scattered by the surface layer (up to 50% or more) leaving few projectiles
to be scattered from lower layers. However this alone cannot account for the
extreme surface sensitivity of LEIS which is achieved when inert gas ions are
used as project i les. This sensit iv i ty results f rom the charge exchange
mechan isms. When low energy inert gas ions penetrate the surface they are
ef f ic ient ly neutral ised. So ef f ic ient ly that the only ionised projecti les
w h i c h leave the target are the result of sur face scattering events. The
advantage of this selectivi ty far outweighs the inherent uncertainties
introduced by the exchange processes. This sur face select ivi ty is extremely
useful in applications involving corrosion, catalysis and adhesion where the
outer layer plays the dominant role.

The cross section for scattering at low energies approaches the
interatomic spacing which introduces the possibility of significant yield from
mult iple scattering events. These entail the projecti le scatter ing off two
target atoms through a total angle 9 which results in the projectile retaining
a greater f ract ion of Its Initial energy. The relative yield for double
scattering (Ij) to single scattering (Ii) is given by

(I2 / I:) = Cr^ / (Cro d2) (4)

where Cf is the single scattering cross sectioni (T-i and Ô  are the cross
sections for the multiple scattering events and d is the interatomic spacing.
This ratio Increases with decreasing energy. The use of multiple scattering
allows the surface crystallography and topography to be measured.

TABLE 1 - PATH LENGTH RESOLUTION (A)

- ENERGY SURFACE BARRIER ELECTROSTATIC ENERGY
DETECTOR ANALYSER

1 keV - 3.4
5 keV - 5.5
10 keV - 6.3
50 keV 500 10.
100 keV 340 15.
500 keV 180 40.

1 MeV 370 70.
5 MeV 300 620.

Table 1 - The path length resolution comparison for a surface barrier detector
(resolution 12 keV) and an electrostatic energy analyser (resolution 0.5%) for
He in N1. These estimates Include energy straggling but ignore the enhancement
achieved at low energies by the charge exchange process.

CONCLUSION
The basic scattering processes are the same at all energ1es> but

differences 1n the scattering cross section, stopping power and charge
exchange act to highlight different aspects over a wide range of energies and
provide surface probes with different potential applications.
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APPLICATION OF ION BEAM ANALYSIS TO

SOLAR ENERGY THIN FILM MATERIALS

G.B. Smith

Physics Department, The N.S.W. Institute of Technology

P.O. Box 123, Broadway, 2007, N.S.W., Australia.

1. Introduction

Surfaces coated with thin films are central to many of the major recent
advances in solar energy technology. As well as thermal energy and electric-
ity production, energy efficiency in buildings and automobiles are of
interest (1),(2).

This paper addresses analysis of materials for solar selective absorbers,
crystalline and thin film amorphous solar photovoltaic cells, transparent
conductors, transparent heat mirrors, electrochromic coatings and selective
radiators for cooling.

Surface analysis is indispensable in developing these technologies and in
clarifying the underlying physics. 'As prepared1 and 'aged1 coatings must be
studied as degradation is a universal problem for thin films subject to
extended illumination and elevated temperatures. Ion beam analysis with high
energies, though providing important insights in some areas, has not had the
impact of the electron spectroscopies (XPS, AES) or lower energy ion techniques
(SIMS, IMA). Structural knowledge is also vital and ion bpams can contribute
here, as we shall show, alongside SEM, TEM studies.

For profiling the complex surfaces often encountered in solar films, the
non-destructive often faster ion beam techniques have some advantages.
The other techniques usually depend on ion etching but microstructure and
composition profiles, often together, can both be severely perturbed by
etching. Reduced depth resolution with the high energy ions partially offsets
this advantage. The other techniques have difficulty in providing exact
elemental compositions in many of our films. Here again the ion techniques are
better. Void content, often crucial, has also been badly estimated in some
studies. Ion techniques can also help here in conjunction with physical or
optical thickness measurements.

Nuclear Reaction Analysis (NRA), and more recently, Resonant and Elastic
Scattering, have provided more useful information in this field than
Rutherford Backscattering (RBS). The importance of NRA stems from the wide use
of hydrides, oxides, nitrides and carbides in solar technology.

We will review the limited work to date with ions and look at the future
prospects with expected advances in simulation techniques and the ability to
experimentally resolve depth profiles and microstructure.
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2. Solar Selective Absorbers

As an example of the relative use of ion techniques, we refer to the most
studied and utilized surface, black chrome. Of in excess of 120 journal
publications on this surface, only 4 or 5 have involved ion techniques and
this work has come from Australia. NRA features prominently with the
laO(p,ot)15N (3),(4) and the 5 2 Cr(p,-y)5 3Mn (5) , (6 ) reactions providing 0 and
Cr content and profiles.

The analysis of depth profiles in the (p̂ ) work appears to give quite
poor estimates of the relative oxide gradients and content in relation to
other profiling techniques. However, the work of Hillery and Smith (3),(4)
and of Duerden, Smith, Bird (7) do concur. Figure 1 shows data on the oxygen
profile found in black Cr before and after heating compared with a smooth
SiOn film. The effects of Cr oxidation and the consequent levelling of the
surface are both evident in these spectra. The latter is critical to the
optical performance (8). RBS, as a probe of Cr profiles and roughness proved
difficult, especially as the deposit was usually on nickel or steel. However,
simulation showed that an appropriate thickness of gold under the black layer
would resolve the Cr (Figure 2). The evaluated Cr content was much less than
anticipated from stylus thicknesses, proving the importance of voids and
roughness.

We have also performed RBS work on cobalt blacks which are important for
high temperature work.

The scope for future work on these surfaces will be discussed. The use of
accurate multiple angle measurements are essential, because of the essential
presence of roughness.

3. Photovoltaics

(a) Crystalline cells

Numerous RBS studies in the general semiconductor area of wafer
processing are relevant here. Special solar related studies include those
of ion implanted doping followed by laser annealling for cells carried out
at Lucas Heights (9), (10) by the CSIRO Division of Energy Technology.

(b) Thin film amorphous cells

Amorphous silicon-hydrogen (a-Si:H) and various related alloys such

as a-six
 cl_x

 : H anc* a~S^x ^el-x : H are °f Primary interest.
There has been massive growth in research output in this field since about
1978. While commercialization is going ahead, improvements in the
technology and understanding are still needed.

We will examine the contribution of ion beam techniques to the study of
these materials.
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Hydrogen content in principle can be derived from infrared measurements
which also reveal bonding arrangements but calibration was difficult.
NRA techniques were needed to provide absolute content and profiles.
'H (l9F,a-Y)160* at 6.419 Mev and 'H (ls N.a-y)12C* at 6.385 Mev have been
used (11),(12). The 15N reaction was most popular but 19F is more convenient
in tandem accelerators. Also 1 5N is known with extended fluence to reduce
yields due to causing H evolution from a-Si:H (13). RBS has also been used
to indirectly evaluate the hydrogen profile (14) by comparing yields on
a-Si:H to those from Si wafers on which it is deposited. The conclusion from
all of this work relating to existence of two layer films and the relative lack
of correlation of total H content to electrical properties will be discussed.
Some H plays a crucial role but most is not utilized and in more porous films
is partly attributable to post-deposition moisture penetration.

NRA studies of amorphous silicon carbon alloys will also be discussed.
They also have a two layer structure (15) as shown in Figure 3, for some
carbon profiles measured via the C(et,a') resonant scattering at Ea = 4.26
MeV. Data on C content is most useful in optimising combined electrical-
optical characteristics of heterojunction cells. Oxygen impurity profiles
have been studied using 160(ct,a') scattering with 3.036 MeV ct's (16). They are
correlated with both porosity and impurities included during deposition.

Other RBS work (17) has provided data on impurities such as Ar,0, and Fe
in sputtered films.

4. Radiative Cooling Studies

RBS has provided important results on the optimum stoichiometry of silicon

oxynitride films for radiative cooling (17). Si °Q 6 N0 2 on aluminium gave
high cooling efficiency by radiating between 8 to 13 p m and giving high
reflectance elsewhere.

5. Energy Efficient Windows

Ultra thin noble metal films often have uncertain mass thicknesses,
especially when improved by ion beam assistance during growth (19). RBS could
be useful here and also give insight into porosity effects in the network
stage of growth which has possible applications to 'winter1 films.

Other window materials of current interest include ITO (Indium tin oxide)
and electrochromic tungsten oxide (WOo Mn). (M is moved in and out to change
transmission - it may be H+, Li+or other suitable ions.) NRA could contribute
to the development of these materials but no profiles have been done to date.

6. Conclusions

Ion techniques of analysis can provide much useful information to
complement other techniques in the development of new solar energy materials.
To study commonly encountered microrough films, better simulation packages and
use of multiple angle techniques are called for.
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RECOIL IMPLANTATION IN METALS

B.V.King
Department of Physics

University of Newcastle,Newcastle 2308

ABSTRACT

A rev iew of recent experimental results and theoretical models for ion
mixing in metals is presented. Emphasis is placed on the efficiency of mixing
and formation of phases by ion mixing.

INTRODUCTION

A w i d e var ie ty of su r f ace p roper t ies of meta ls benef i t f rom ion
implantation. These include hardness? fatigue* w e a r * corrosion, oxidation,
catalysis and superconductivity. Excellent reviews of these applications have
been publ ished recently (1,2). Industrial applications have* however centred
around medium energy (-100 keV) nitrogen implantation for reducing wear in steel
and cobalt-cemented tungsten carbide (3). Large improvements in the wear
behaviour come from a change in the dominant wear mechanism of the ion implanted
surface. For example* nitrogen implantation of Ti-6Al-4V (4) causes wear rate
reductions of the order of 1000 whilst reducing friction by a factor of about 3.
These benefits correlate wi th the f o rma t i on and imp lan ta t i on i n d u c e d
stabilisation of an oxide layer in the wear track. The dominant wear mechanism
is then changed from material loss by machining to one by fine abrasion.

Ion implantation in metals has drawbacks however. Implantation doses of the
order of 10 ions cm are required to form metal alloys with altered surface
properties. This dose is orders of magnitude greater than the ion fluences
required to alter the electrical properties of semiconductors. In addition,
wider industrial application of implantation would involve irradiation of areas
of at least 1 m , and implantation of non gaseous species. For example,
simultaneous T1 implantation and C deposition from vacuum forms TiC precipitates
in steels which give better wear characteristics than unimplanted steel surfaces
(5). Another important consideration for high fluence implantation is sputter
erosion of the target surface. This l imits the max imum concentration of an
implanted species to about 10-50 at % before the arrival rate of implanted atoms
is balanced by their sputter rate. These d rawbacks can be overcome, to some
extent, by recoil implantation. In this process, the species to be incorporated
into the surface, is conventionally deposited and the target is either
simultaneously or subsequently ion bombarded. In this case inert or reactive
gaseous ions can be used for the implantation w h i c h mixes the atoms of the
deposited species with the bulk atoms (ion mixing) giving improvements in film
adhesion, morphology, internal stress etc.

If radiation enhanced thermal processes are not present, the effects of
irradiation are limited to the ion range (typical ly -1 ym) both in direct ion
implantation and recoil implantation fol lowing fi lm deposition. Simultaneous
deposition and implantation overcomes this limitation and permits the use of low
energy (~100eV) high current ion sources for bombardment. The process of ion
mixing is however obscured during simultaneous deposition and irradiation, so
discussion will therefore focus on the results of post-deposition implantation.
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ION MIXING

An Incident 1on s lows down 1n a solid by losing energy to electronic
excitation and in collisions w i th target atoms. The recoil ing target atoms
(primary recoils) carry most of the incident ions momentum and so move into the
solid, again losing energy in excitation and collision and ^generating a cascade
of secondary recoils. This ballistic phase lasts about 10"13 s and corresponds
to a high and inhomogeneous distribution of defects in the cascade. Rapidly (in
-10 s) most of these defects recombine and the cascade evolves into a halo of
1nterst1tials moving outwards wi th progressively thermalised kinetic energy
distributions. This signals the end of the prompt phase of the cascade after
about 10 s. About 1% of the point defects produced may escape the cascade and
thermally diffuse, this gives rise to radiation enhanced di f fusion and
segregation processes which are most important at temperatures above about 300K.

Analyt ic theories of ion mixing (6,7) der ive a transport equation in
terms of a relocation function F(x,z) which gives the number of atoms which are
transported from a depth x to (x+z) per incoming ion. Simpl i f icat ions can be
made 1f the mean relocation distance z is much less than the initial
distribution hal f-width (8). The div is ion of the target atom recoils into
primary (target-ion collisions) and cascade (target-target col l isions) a l l ows
the low energy cascade collisions to be considered to be isotropic. In a typical
mixing experiment a target atom wi l l undergo many coll isions in subsequent
cascades allowing its movement to be modelled by a random walk and the transport
equation to be approximated by a d i f fus ion equation (8), where the di f fusion
coefficient D is given in terms of the ion flux, I, and F as

D = i I / z2 F(x ,z) t fz

The broadening of a delta function impurity distribution by cascade mixing
will then give a gaussian depth profile (if sputtering and matrix relocation is
ignored) with variance (6)

« 2 = 2Dt = I F ? 2 i F , ( x ) < j > R2/^
(J U L 11 (Z.

C

where ro= 0.608, F^ tx ) is the energy deposited into col 1 isional processes at
depth x, N 1s the atomic density, EC is a threshold energy, RC is a mean square
recoil range, <j> is the Ion fluence and ?2 i^s a mass factor.

An important quantity for comparison of theory and experiment is then
(Dt/4>Fd), since it only involves constants related to the mixing of target atoms
and therefore should be independent of irradiation conditions. In particular,
(Dt/<j>Fd) should be similar for systems of similar atomic number and not depend
on the chemical nature of the ion mixed system. This is because analytic theory
terminates the movement of an atom when it has an energy less than EC, which is
generally taken to be the energy required ( >10eV ) to d isplace an atom from a
bulk lattice site. Since these energies are higher than those involved in atomic
bonding, the motion of atoms wi th in a cascade, and hence mixing, should be
insensitive to chemical driving forces.
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MIXING EFFICIENCY

Paine and Averback (9) have compiled a table of the mixing efficiency for
medium energy (> lOOKeV) heavy ion i,iixing of bilayer and marker samples as
determined by RBS. The results for metal markers in metal substrates are shown
in figure 1. Included in this figure are the predictions of the Sigmund and
Gras-Martl theory (6). In all cases the experimentally determined mixing
eff ic iency is greater than the theoretical Value. In addition, the eff ic iency
varies strongly wi-Ui the marker atomic number in some systems. For example, the

is 21 Ab/eV for W markers in Al (10) but 43 A5/eff iciency /eV for Sb markers in
Al (11) and an average of 42 A / e V for Au and Pt markers in Al (10,11). Of
particular interest are the results for markers if\ a Cu matrix. A value of
(23±5)As/eV was found for the mixing of Cuw and Cub5 irradiated with SOOKeV Kr
at a temperature of 10K (9). Since the effect of chemical driving forces and
thermal defect migration will be negligible, this experiment provides a good
test for mixing models. Simi lar values of eff iciency are found in low energy
experiments. For example, calculations from data presented in ref. 12 show
Indium markers are mixed with Cu substrates by lOKeV 09 with an efficiency of
of 24Ab/eV.

The influence of chemical factors has also been shown in mixing experiments
on pairs of bilayers comprising substrates of Zr and Pd and films of Hf, Ta, W,
Ir and Pd. Minimal mixing was observed wi th Zr/Hf or Pd/Pt which have low
chemical aff ini ty and maximal mixing was found for Zr/Pt or Pd/Hf which have
high chemical affinity. In a similar study (13) Cheng et al showed a correlation
between AH_, the Miedema heat of mixing (14) and the mixing efficiency of metal
bi layers (f igure 2). It should be noted that chemical effects are much more
pronounced in bilayer experiments, where there is an unlimited supply of both
elemental constituents, than in the limited supply case of marker experiments,
in which the marker atom concentration is rapidly reduced by collisional mixing,
decreasing the number of phases which can be formed. For the case of the mixing
of different Cu isotopes mentioned previously, no difference was found between
the efficiencies for bilayer and marker experiments.
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The high efficiency and their variation with atomic species are even more
pronounced in results for ion mixing of metal-Si and metal-Ge markers (9) where
the average eff iciencies are larger than predicted by factors of 13 and 110
respectively. These same trends have also been found from SIMS analyses of low
energy (<7KeV) inert gas ion mixinn of metal-Si multilayers (15).

The mixing efficiency has also been found to be a function of the deposited
energy density* F^. For example, the mixing efficiency for Au markers in Ni at
20 K is twice as great for Xe as for light ion irradiation (16). Molecular
dynamics simulations (17) indicate that the Shockwave of recoiling target atoms
produce transient density changes of 30% leading to the lowering of effective
binding energies of atoms in the cascade. This could be modelled by reducing EC

in equation 1 or including an additional stimulated defect migration process
within the cascade. In any case, care must be taken in interpreting efficiencies
when F^ is large, such as found when high Z substrates are irradiated with heavy
ions.

Johnson et al (18) have developed a model wh ich v isua l ises mixing taking
place as the result of d i f fus ion in the liquid-like state of a wel l -developed
cascade. In this model the dependence of mixing efficieny on AHm is treated by
including into the di f fusion coeff icient, D, a factor (l-2AHn)/kT), wh ich takes
into account the role of the chemical potential gradient, and not the atomic
concentration gradient, as the driving force for diffusion. The heat of mixing,
AHm is given by 2Z(V^g-(V^+Vgg)/2)C^Cg where Z is the coordination number, C^
and Cg are the composit ions of elements A and B and Vy^,Vgg and V « g are
interaction energies. Then, for example, if elements A and B readily form a
compound, V^g < V/\/\»Vgg so AHm < 0 and D increases as expected. Conversely, if A
and B do not readily mix, AHm<0 and D decreases. The linear relationship between
D and (-AHm), which is illustrated in figure 2, then indicates that most mixing
occurs when the kinetic energies, kT, of the diffusing species are of the order
of leV. This corresponds to temperatures of the order of 10 K at wh ich the
target will be in a liquid-like state. The magnitude of mixing will then not be
given by equation 1 but be related to the number of diffusive jumps made during
the cascade. Although AHm is only known to within 50%, the theory gives
reasonable agreement with experiment for 12 metal-metal systems.

Recently, TRIM calculations for the mixing of Pt markers in Si (19) has
shown that previous ballistic theory underestimates tho contribution of matrix
recoils and that the mixing of some systems is wel l expla ined by purely
collisional effects.

In summary, analytic theory underestimates the amount of ion mixing
but computer simulations and thermochemical models give better agreement with
experiment.

PHASE FORMATION

For transition metal-Si systems the first phase formed by thermal annealing
is the same as that formed by ion mixing (20). This indicates that there is a
link between the apparently non-equilibrium cascade processes and equilibrium
phase diagrams. The relevance of thermochemistry to the mixing of metal-metal
systems has been tested by irradiation of multi layers, where the relative
thickness of the respective layers of the constituents fixes the average
concentrations of the mixed sample, and of bilayert;.. where the system is free to
seek preferred compositions during irradiation.
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In both Al-Pd and Al-Ni bilayers and multilayers (21) room temperature ion
mixing produces only simple cubic NiAl and PdAl equilibrium alloys and amorphous
alloys. This is in contrast to the presence of Intel-metallic compounds, PtoAlo
and PtAl2» found in thermal annealing experiments. In the mixing of AT-Pt
multilayers, amorphous phases are formed over a composition range of 10-90 at%.
Mixing at 120°C, however, produced the equilibrium phases Pt2Al,PtAl2 and PdA14.
These results are consistent with the model by Johnson et al which was discussed
previously. They say that the concentration prof i les formed by ion mixing
locally wi th in the cascade wil l be smoothly varying (i.e. no phases wil l be
formed) since the cascade is considered to be in a liquid-'like state. The
formation of phases then occurs during a local polymorphic (without chemical
diffusion) transformation as the cascade rapidly cools. Figure 3 illustrates the
different states wh ich could be formed as a local region of a s imple binary
alloy cools. The a, (3 curves represent the terminal solutions and the curve
marked amorphous represents an undercooled liquid alloy. As the locally excited
region of composit ion Xc relaxes the free energy, G» of the system decreases.
The state of the system follows a vertical path downwards since no diffusion,
and hence no average composition changes, are a l lowed during the rapid
quenching. The possible final states of the system are, in order of decreasing
energy, 1- single phasea, 2- single phase amorphous, 3- two phase a (wi th
composition X^) and amorphous (Xp), 4- two phase a (X^) and 3 (Xg).

If the quenching time is sufficient for nucleation, a crystal l ine phase
(state 1) may form. The time required to nucleate crystal structures is related
to the number of atoms in the unit cell. If segregation is also required (states
3 and 4) a time related to the square of the number of atoms in the unit cell is
needed. Therefore, even if segregation into two phases or formation of complex
phases is energetically favoured at a certain composit ion (by being the
appropriate state in the equilibrium phase diagram) the short time allowed for
nucleation favours polymorphic transformations into simple structures. These
include amorphous phases, solid solutions or crystals with simple (e.g. the CsCl
structure wi th two atoms per unit cell) structures. According to this rule,

and PdAl^, which have more complicated unit cells, would not be expected
to form. Their formation during 120°C irradiation indicates that the kinetic
restrictions are circumvented and other processes, wh ich occur over longer
times, are dominant. The most probable process is radiation enhanced diffusion.
At LN2 temperatures, Al-Ni multilayers form amorphous alloys under ion mixing.
This suggests that cystall ine phase formation at room temperature is already
affected by radiation enhanced diffusion.

Figure 3. The free energy diagram
corresponding to a simple
binary alloy as a function
of composition.
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In other systems, the T1-N1 and Ti-Co amorphous phases Ti'sgNiso and
HgQCogQ are produced by room temperature Xe bombardment of multi layers of
equiatomic composition. However, crystalline CoAl is formed in the Co-Al system.
The phases CoAl, TiNi and TiCo all have a CsCl structure but the CoAl phase
extends over a w i d e composi t ion range whi lst TiNi and TiCo only exist in a
narrow composition range. Two explanations have been advanced to explain this
behaviour. The cooling cascade creates local regions of nonstoichiometry. For
the T1 compounds, nucleation of the crystalline compound requires segregation
since the composition locally may be outside the allowed composition range. This
requires longer nucleation times, as discussed previously, than for the CoAl
case where the local composit ion could still be within the bounds for
polymorphic transformation to the crystalline phase. Alternatively, the large
concentration of quenched in point defects which are generated by irradiation
could raise the free energy of the crystal phase above that of the amorphous
phase. This would have a greater effect on the compositionally narrow phases,
since the free energy difference between crystal and amorphous phases is then
small.

CONCLUSIONS

The roles of both cascade mixing and radiation enhanced d i f fus ion on the
eff ic iency of mixing and on phase formation have been demonstrated in recent
experimental results and attempts to model them. Computer simulations have given
some insight into the processes occurlng in a cascade but theories, both
analytic and numerical, only give agreement w i th experiment to about 50% on
average.
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High Resolution Electron Microscopy o-f Solid Xenon
Bubbles in Ion Implanted Aluminium

S. E. Donnelly and C. J. Rossauw

CBIRO Division o-f Chemical Physics,
P. 0. Box 16O, Clayton, Victoria 3168.

AUSTRALIA

Recently Templier et al.**3 and vom Feide et al .3 have used
electron diffraction to identify room temperature solid epitaxial
precipitates o-f argan and xenon in aluminium. A similar study of
solid krypton in capper, nickel and gold has been reported by
Evans and rlaney.-* In the present work, we report the use of high
tesolutior, phase contrast: electron microscopy to examine solid
xenon bubbles in alu.miniurn. We present micrographs which show
moire -fringes due co lattice -.Tiisme.tch between aluminium and
xenon, and lattice images of the xenon itself; the first lattice
images of a rare gas solid.

Alucii :;i un: -films "' 50 nm thick containing large grains with low
index orientations were irradiated with 50 keV xenon ions to a
fluence of 1O=0 ions m~= using the 20-0 keV ion implanter e-t the
Microelectronics Center at the Royal Melbourne Institute of
Technology. These we-e subsequently examined at 200 keV using
the high resolution top entry stage or the Division's JEQL 200 CX
transmission electron microscope.

Fig. 1

illustrates a typical diffraction pattern from a -C1.10J
grain ;)i th Xe C111J and \200J reflections visible in epitaxy

Al The circle indicates 20 ;.tm objecti\'e
aperturci used to form Fie;. 2. Examination of this and other
dif f racti on patterns yields a Xe lattice paramatar of 0.604 nm.

eflections.

Fig. 2.
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Fig. 2 is a high magnification image from a <110> grain allowing
only [111]- and -C2OO> Xa reflections to contribute to the image
and excluding all beams diffracted from the aluminium matrix. Due
to tilt of the aluminium film about <111>, systematic row
diffraction conditions were operating. This resulted in a one
dimensional lattice image from -ClliJ ;:enon planes within
bubbles.
fi pure.

The facetted nature of the bubbles- is evident
the

thi s

Fig. 3

Fig. 3 is an image of part cf a <11O> grain formed with an
objective aperture which allowed -[111> and £200} reflections from
both Xe and Al to contribute to the image. Once again the film
was tilted so that one—dimensional lattice fringes were formed.
•[Ill]- Al lattice fringes (0.23<n nm) are visible, as v.iell as mcire
fringes due to the mismatch between -dill A] and Xe planes. This
figure, in particular, demonstrates the high degree 3-f
crystalline perfection within the bubbles. although :-egiorv3 cf
apparent disorder are occasionally visible? in sorra of the larger
bubbles. This apparent perfection was initially surprising in
view of damage normally associated with ion implantation at -oorn
temperature.

nmTaking the ~cc lattice parameter for Xe as O.604
extrapolating the isotherms of Anderson and Swenson= to 3
we expect a pressure of "" 9 knar within the xenon bubbles.
pressure required to balance the surface tension of a bubble
approximate diameter 3 nm is calculated to be "" 3 kbar
that the bubbles observed are at or near equilibrium

ari
K,

The
of

implying
pressure*

This is borne out by a lack of apparent strain ir the Al matri

Using the modified Simon equation to e:-. tra'.pcl ate the melting
curve of xenon to high pressures, & a melting temperature
TM^ 420 K is expected. The xenon is thue at a temperature greater
than 2/3 TM and might be expected to be sufficiently "hot" to
anneal out crystalline imperfections. This mey account for the
high degree of crystalline perfection in many bubbles.
Diffraction patterns showed a dramatic drop cf intensity in
higher order Xe reflections,
factor at room temperature.

indicative of a large Debye—waller

Optical processing techniques have been applied to a number of
micrographs in order to reduce grain and other noise in the
images thus enabling images of defected regions of inert gas
crystal to be more clearly observed •( details of this work, appear
elsewhere.^»B) In a number o* lattice images, defects which
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appear to result from dislocations in the solid inert gas have
been identified and, indeed, -full dynamical multislice
calculations indicate that this identification is almost
certainly correct.

Fig. 4

Fig. 4 shows a) the original, b> the optically processed and
c) the calculated images of such a defect. It is worth noting
that this is a high resolution image of a dislocation in a rare
gas solid, at room temperature and under a pressure of several
thousand atmospheres.
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A COMPARATIVE STUDY OF THE THERMAL STABILITY
OF AMORPHOUS METALS MADE BY ION-IMPLANTATION AND MELT SPINNING.
J. Hamlyn-Harris, D. H. St John and D. K. Sood, RMIT.

ABSTRACT

Ni-P amorphous metals made by melt spinning and ion-implantation were
studied during crystallization by in-situ TEM annealing. The melt spun glass
crystallized by the epitaxial growth of quenched-in crystals at temperatures
above 240 degrees C. The ion-implanted amorphous metal crystallized at
temperatures as low as 150 degrees C., by a combination of fast and slow
mechanisms, each yielding different morphologies, depending on the growth
direction and proximity of the nickel substrate.

INTRODUCTION

Amorphous or non-crystalline metals can be made by various methods
including melt spinning and ion-implantation. The mechanism of amorphisation
by melt spinning is understood to be due to the supression of crystallization
by the rapid solidification of the liquid metal. In the case of implanted
amorphous layers, amorphisation may be due to the build up of dislocations
caused by the ion-beam radiation damage, or by locallised melting and quenching
of the crystalline metal in the path of the implanted ions. The second
mechanism is analogous to a rapid splat cooling process, and would be expected
to produce an amorphous structure with similar properties to melt spun glasses.

The aim of this work is to evaluate the differences in thermal stability,
crystallite growth rate and morphology of Ni-P amorphous metals made by melt
spinning and ion-implantation. This may give some indication as to the nature
of the amorphisation mechanism in the case of ion-implantation. Transmission
Electron Microscopy was the principal investigative tool used for the implanted
amorphous layers, while X-ray diffraction, Differential Thermal Analysis and
optical metallography were used in addition for the melt spun glass.

EXPERIMENT

Melt spun glass: Metallic glass of composition Ni-11 wt.% P was
obtained from Nippon Amorphous Metals. The glass was 40 urn thick and 25 mm.
wide. The thermal stability of the glass was evaluated using a 'Rigaku1 DTA
machine using heating rates ranging from 0.625 to 20 degrees K per minute. The
inverse of these heating rates was used as an estimate of the isothermal time
at crystallization. Actual isothermal treatments were done using a controlled
atmosphere furnace fitted with DTA equipment. This furnace was used for
crystallization times ranging from several minutes to hours. Lower temperature
tests were conducted in air recirculating furnaces for crystallization times of
up to 2 weeks. The Time-Temperature Transformation curve for the glass is shown
below in Fig. 1.

Optical metallography was employed to confirm the extent of crystallization
after isothermal tests. The data presented in Fig. 1 is for glasses
crystallized 50 vol. %. Other details can be found in our previous
publications (1,2).

Ion-implanted samples: Implanted amorphous layers were produced at
the RMIT Micro-electronics Technology Centre. 40 keV P+ was implanted
into annealed poly-crystalline nickel sheet up to a dose of 3 x 10
atoms /cm . Implanted samples were thinned before crystallization so that
amorphisation could be confirmed. Annealing was done in air or in-situ in a TEM
hot stage. TEM observations were made using a Joel 100CX instrument.
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RESULTS

crystallized melt spun glass.

Melt spun glass: Optical metallography of partially crystallized
glasses revealed the presence of quenched-in crystals acting as heterogeneous
nucleation sites for crystallization. TEM of untreated melt spun glass confirmed
the presence of eutectic grains of Ni-Ni P ranging in size from 0.1 to 40
microns. Annealing using the TEM hot stage showed that all observed
crystallization appeared to be nucleated by these crystals, initial growth
being epitaxial. Later growth involved the dominance of grains of preferred
orientation, resulting in an increase in grain size (fig. 2). Growth rates
varied with temperature, as shown in figure 3. Crystallization took about 45
minutes at 300 degrees C.

Fig. 2 Growth of a quenched-in crystal in melt spun glass at 300 C.
Left: before annealing. Right: after annealing for 31 minutes.
TEM micrographs, centred dark field image (Ni spot), Mag. 14QQQ.
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Ion-implanted samples; In-situ annealing showed nucleation to be
occurring at thin edges. This was considered to be an artifact of the thinning
process, making a study of nucleation inappropriate. Crystallization was
detected at temperatures as low as 150 degrees C. Three regimes could be
identified.

(a). A fast growth regieme (1000 to 10,000 Angstroms/sec.) occured along
the thin edge of the TEM wedge, away from the underlying nickel substrate. The
crystallization product appeared to be faulted single crystal Ni_P. The
evidence from selected area electron diffraction supported this.

(b). A slow growth regieme (1 to 100 Angstroms/sec.) wherein
crystallization occurred at a decelerating rate perpendicular to the fast
growth, towards the nickel substrate. This was nucleated by the fast growth
product, and seemed to be the same single crystal Ni P until it reached
the proximity of the nickel substrate.

(c). A needle growth regieme started at this point. Growth became
restricted to needle like crystals coincidental with the nickel habit planes
(fig. 4).

Figure 4. Crystallization of ion-implanted amorphous layer at 250 deg. C.
Left: annealled for 7 minutes. Right: after annealing for 15 minutes,
(a) fast growth, (b) slow growth, (c) needle growth.
TEM micrograph, bright field image, Mag. 35000.

CONCLUSIONS

Melt spun Ni-P glass crystallized by the epitaxial growth of
quenched-in crystals. Growth rate was temperature dependant. Ion-implanted Ni-P
amorphous layers appeared to crystallize to single crystal primary Ni P,
where .the underlying nickel substrate has been removed. Growth was most rapid
parallel to the edge of the TEM wedge. However, the perpendicular growth front
decelerated as it approached the nickel substrate, and the growth morphology
also changed from single crystal to needle-like grains following the nickel
planes.

Crystallization of the melt spun glass occured at temperatures about
100 degrees C. higher than in the case of the ion-implanted amorphous layers.
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CORROSION OF COBALT-BASED VACUUM-DEPOSITED ALLOY THIN FILMS

N.G.Farr, Dept. of Applied Physics, R.M.I.T.

H.J.Griesser, Research Laboratory, KODAK (Australasia) Pty. Ltd.

P.J.K.Paterson, Dept. of Applied Physics, R.M.I.T.

Abstract

This paper describes an ongoing investigation of the corrosion of cobalt
80%, nickel 20% alloy thin films, suitable for magnetic data storage, in an
elevated temperature, high humidity atmosphere. The use of Auger Electron
Spectroscopy (AES) for compositional depth profile analysis was investigated.
Various uncorroded and corroded films were depth profiled using ESCA (XPS).
Corrosion was characterized by preferential oxidation of cobalt (observed as
segregation of cobalt to the surface region), and persistence of hydroxides
deeper into the film. Cobalt 3+ hydroxide was detected at the surface of
corroded films. The results were correlated with the optical density loss
that occurred upon corrosion.

Introduction

Vacuum-deposited metal or alloy thin films (thickness typically less than
1 micrometer) have been proposed as magnetic data storage media. By their
nature such films are vulnerable to surface deterioration, with a resulting
decrease in magnetic performance. The problems associated with atmospheric
corrosion are of most interest at a fundamental level. For this study, large
area rather than localised corrosion is of interest.

An understanding of the mechanisms and pathways by which such corrosion
occurs, and of the products formed, will enable the design of more durable
systems.

Experimental

Various cobalt-nickel alloy thin films (nominally 80% Co, 20% Ni)
vapour-deposited on plastic tape substrate, were available. Samples were
either uncorroded, or corroded by exposure to conditions of elevated
temperature (60°C) and high humidity (90% RH) for about 1000 hours.
Samples termed "uncorroded" had been stored in room conditions, and although
not visibly tarnished, were presumed to have a stable surface oxide layer.
Some films were known to have been deposited in the presence of oxygen gas,
since the incorporation of oxygen into the film is magnetically desirable.

Corrosion causes a loss in optical density (absorbance) of the film. To
monitor the progress of corrosion, the optical density was measured
periodically. The measurements give no indication of species present or
mechanisms prevailing.

For some samples, AES depth profiling was used to indicate the
distribution of the constituent elements in the film.

ESCA is considerably more time consuming than AES, but offers the
advantage of providing information on the oxidation state and chemical
environment of many elements. ESCA was used to study uncorroded and corroded
samples of three films (denoted 1U, 2U, 3U and 1C, 2C, 3C respectively), and
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a further single corroded film sample (denoted 4C). Samples 3(U and C) and
4C were known to have a thin protective surface coating.

ESCA spectra of the Co 2p, Ni 2p and 0 Is electron binding energy ranges
were recorded at depths of up to 900 A, according to the likely sputter rate.
For more precise work in the future, the sputter rate will be calibrated.

Results

The AES depth profiles showed clearly the distribution of oxygen and
carbon in the films. As expected, oxygen was typically more evident closer
to the surface. Films known to have been deposited in the presence of oxygen
gas showed a higher residual concentration of oxygen. In addition to surface
contamination, a residual amount of carbon contamination was observed
throughout the film. For different films, the ratio of atomic % Co to
atomic % Ni in the bulk ranged from 4.0 to 5.0.

The overall optical density loss associated with the corrosion of the
different films is given in column (a) of Table (1). For sample 3U the film
thickness was known to be close to 1500 A, corresponding to an optical
density of 2.4. If this result represents a linear relation between film
thickness and optical density that is generally applicable, then the corroded
layer thickness can be estimated from the optical density loss. Column (b)
of Table (1) gives the resulting estimates of corroded layer thickness for
the four samples. The accuracy of corroded layer thicknesses determined in
this way is yet to be investigated. The general applicability of data for a
single film will not be valid if the films differ significantly in mass
density, composition, structure, etc.

For each of the seven samples studied by ESCA, digital integration of the
spectra collected allowed the atomic ratios of Co/Ni and 0/Co to be plotted
as a function of depth. In addition the oxygen Is spectra were roughly
resolved to enable the approximate proportion of oxide to hydroxide to be
plotted as a function of depth. To this end, the ratio of the peak heights
was used, since the oxide and hydroxide peaks have similar line-widths.
Future studies will involve more sophisticated data analysis.

It was found that corrosion is partly characterized by the segregation of
cobalt to the surface region. Column (c) of Table (1) shows the Co/Ni ratio
for the corroded samples, with that for the corresponding uncorroded samples
in parentheses, as measured at a depth of approximately 50 A. The high
near-surface ratio observed for samples 2C and 4C indicates severe corrosion.
For all samples, the Co/Ni ratio reached a stable value of 4.5 to 5.5 at
approximately 250 to 300 A. The enrichment of the surface region in cobalt
suggests that cobalt is more readily oxidized than nickel, but does not
suggest the actual mechanisms and pathways of the attack.

Corrosion was further characterized by the persistence of hydroxide (in
comparison to oxide) deeper into the film. For severely corroded films (2C
and 4C), only hydroxide was evident at the surface. Suppose the "depth of
corroded layer" may be defined tis half the depth at which the proportion of
oxide to hydroxide reaches a stable level. For the three uncorroded samples,
the depths of corrosion, were approximately 40 A, and for the four corroded
samples, the depths are given in column (d) of Table (1). Comparison of
these results with the depths as determined from optical density loss
[column (b) of Table (1)] shows qualitative agreement.

It is suspected that optical density loss is associated with the
formation of hydroxides. There are several reasons why the corroded layer
depth defined above may not relate linearly to that estimated from optical
density loss, for different samples.
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The form of the plots of the 0/Co ratio was similar for the corroded and
uncorroded samples. For significantly corroded samples, however, the ratio
was higher at the surface (about 3.3 for each of 1C, 2C and 4C), suggesting a
distinct corrosion product. Column (e) of Table (1) shows the surface value
of 0/Co for the corroded samples, with that for the corresponding uncorroded
samples in parentheses. For the samples generally, the ratio dropped to
approximately unity within about 50 A, and then further to approximately 0.5
between 300 and 800 A. The exception was coating 2, which had relatively
little oxygen incorporated during deposition, for which corrosion caused a
significant increase in the 0/Co ratio.

With a view to identifying corrosion products, the cobalt spectra were
analysed in conjunction with the corresponding 0/Co ratios and oxide to
hydroxide peak-height ratios. For significantly corroded samples (1C, 2C and
4C), there was strong evidence to suggest the formation of Co 3+ hydroxide
[i.e. Co(OH)3] at the surface. The evidence was a high 0/Co ratio (3.3) and
the relatively small size of the Co 2+ satellite peak. At depths of 50 A and
below, there was evidence of Co(OH)2» CoO and Co metal in proportions
depending upon the extent and depth of corrosion. Because nickel is the
minor constituent, little attention has yet been paid to it.

Conclusion

The extent of atmospheric corrosion of the films is indicated by the
degree of segregation of cobalt, which is more readily oxidized than nickel,
to the near-surface region, and the depth of occurrence, of hydroxide in the
film. In cases of severe corrosion, the near-surface ratio of Co/Ni is more
than about 15, and only hydroxide is detected at the surface. In cases of
significant corrosion, cobalt 3+ hydroxide is evident at the surface.
Optical density loss gives an indication of relative degrees of corrosion,
and more work should be done to accurately establish its relevance.

As the next step towards understanding the complex alloy system, it is
intended to study the corrosion processes of cobalt metal and nickel metal
vapour-deposited thin films separately.
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Table (1): Selected data for film samples analysed.
Films listed in order from most corroded to least corroded.

FILM

(2)
(4)
(1)
(3)

(a) Optical
density loss,
density units

0.62
0.22
0.19
0.09

(b) Estimated
corroded layer

depth, A

370
130
115
55

(c) Co/Ni
at about
50 A
C (U)

32 (5)
17 (?)
10 (8)
5 (5)

(d) "Depth
of

corrosion"

*

120
100
60
40

(e) 0/Co
at

surface
C (U)

3.2 (2.7)
3.3 (?)
3.3 (2.1)
2.6 (2.3)
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SOME HAZARDS OF USING RUTHERFORD BACKSCATTER[NG AND
CHANNELING TECHNIQUES IN MATERIALS SCIENCE STUDIES

O.K. SOOD
Microelectronics Technology Centre,

R.M.I.T., Melbourne.

ABSTRACT: Excessive reliance on data obtained by RBS and channeling
techniques can sometimes produce misleading conclusions. The
occurrence of lateral non-uniformities or coherent second phases is
the main culprit which can escape notice unless an additional
technique is employed as a watchdog. Several examples are
presented.

1. INTRODUCTION

Rutherford Backscattering and Channeling (RBSC) techniques are being
increasingly harnessed as analysis tools in ever widening areas of
materials science studies. While it is a matter of delight for the NTA
community, a word of caution needs to be raised about over enthusiastic
reliance on RBSC data alone. In many instances such an excessive reliance
can sometimes result in misleading conclusions. This paper harps on this
unpleasant note. The principal limitations of RBSC are first identified
and then illustrated with a few examples chosen from various aspects of
materials science research in semiconductors, metals and ceramics. The
remedy is shown to be as simple as employing another- suitable analysis
technique as a watchdog, whenever in doubt.

2. LIMITATIONS OF RBSC

Of the many limitations of RBSC (see e.g. Ref.l), we concentrate attention
on the following:

1) Lateral uniformity that a sample must possess for a strict application
"of R T 3 S T J T s quite stringent indeed, and is the one most commonly
overlooked. A typical ion beam diameter use,d for backscatteri ng is
1mm2. If the range of depth analysis is 2000A, the width of the beam
spot is a factor of about 5000 larger than the thickness of the
layers. Scratches, cavities, dust particles and any other surface
non-uniformities can drastically modify the spectrum, \f present in
sufficient amounts, even if they are of a submicron size. The lateral
uniformity of a sample must therefore be assured on the surface, as
well as in depth by using either scanning electron microscopy (SEM),
or electron microprobe or transmission electron microscopy (TEM).
Such a topology check is required both before and after any (thermal,
mechanical, chemical or ion beam) treatments to which the sample is
subjected during the course of material processing.

2) Presence of any second phase precipitates which are (even
partial ly; coherent with the host lattice can lead to an erroneous
assignment of high substitutionality, particularly if channeling is
performed along only one major axis - as is the common practice.



214

.to1

Q
-l

Ul

• Si.Pb

calculated Pb yield

H * 1.0 MeV

.*•• I

0.6 1.0

E N E R G Y ( M e V )

Fig.l a) RBS spectrum using 1 MeV hydrogen beam, and b) SEM micrograph
showing the surface topography.

3) EXAMPLES

We now present and discuss a few examples chosen from some recent work at
RMIT and from published literature, in several areas of materials research.

a) Semiconductors :

H classic text book [1] example is chosen from the work of Campisano
et al [2] in Fig.l, obtained from a sample consisting of a thin fi lm
of Pb on a Si substrate, annealed at 275°C for 10 min. The RBS
spectrum (Fig.la) can be readily interpreted as indicating a laterally
uniform penetration of Pb into the sil icon substrate (triangles in
Fig.la which nicely fit a standard diffusion depth profile). In fact,
it is a wrong conclusion. The sample is laterally highly non-uniform
because during the heat treatment, the Pb film broke off into many
small balls of Pb resting on the Si substrate, as clearly revealed by
SEM (Fig.lb).
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Fig.2 a) implanted Sb depth profiles in Al obtained by RBS, b) electron
diffraction pattern and c) corresponding dark field range of
preci pates

AlSb
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Fig.3 Ion beam mixing of Ni/Pb bilayers. a) RBS spectra labelled A - as
deposited, J5 - 5E15 Kr/cnr, C - IE 16 Kr/cm% D - 2E16 Kr/cnr and E -
3E16 Kr/cm , b) SEM micrograph of as deposited bi layer and c) SEM
micrograph after bombardment with 3E16 Kr/cm .

b) Metals:

Quite an opposite artefact can also arise, i.e. RBS showing no
impurity diffusion while appreciable atomic movement has indeed taken
place in the sample. Such a behaviour was observed by Wampler et al
[3] for furnace annealing of high dose implant of Sb in Al (Fig.2).
The RBS depth profiles (Fig.2a) are similar, before (open squares) and
after (black squares) vacuum furnace anneal, indicating no measurable
diffusion of Sb. This conclusion is however wrong. TEM on the same
sample clearly shows loca'i precipitation of Sb into AlSb phase (Fig.2b
and c). The as implanted Sb concentration is orders of magnitude
above its equilibrium solubility (£ 0.03 at %) in Al. On annealing,
it transforms to AlSb phase and thereby inhibits further long range
mi gration of Sb.

from our recent work [4] on ion beam
of Ni and Pb (on top) deposited on

mi XT ng
a Si02

Another example is chosen
by Kr beam in a bi layer
substrate. RBS results, using 1.8 MeV He beam, are shown in Fig.3a
(only Ni and Pb part of the spectra) for the indicated Kr doses used
for ion mixing. At 5E15 Kr ions/cm , sputtering loss of Pb film is
evident and the nickel peak moves towards surface. At higher doses
both Ni and Pb peaks broaden to similar (energy) widths which could be
readily interpreted as an evidence of ion beam mixing. But this is a
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wrong conclusion as shown by the surface topography changes (measured
by SEM) from the fine grain film as deposited (Fig.Sb) to profuse
surface segregation (balling up) of Pb (Fig.Sc) after ion mixing with
3E16 Kr ions/cm . The EDAX measurements show that the white regions
in Fig.Sc are Pb rich while no Pb can be detected in the dark
regions. It may be noted that the dramatic lateral non-uniformities
produced by Kr bombardment would have gone undetected if only RBS was
used in this experiment.
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Fig.4

(*>)
Thermal oxidation of Ni before and after Mg implantation, a) RBS
spectca and SEM micrographs from b) virgin unoxiHized Ni and c)
Mg/cnr implanted Ni after oxidation at 700°C, 2 min.

IE 16

An RBS artifact can also arise at a buried interface as encountered
during our recent study [5] of thermal oxidation (700°C, 2 min. in 02)
of implanted nickel. Fig.4a shows RBS spectra for virgin and IEI6
Mg/cm implanted Ni samples after oxidation and for virgin Ni before
oxidation. The oxide0 is found to be stoichiometric NiO upto a
thickness of about 2000A beyond which the oxide appears to be showing
variable stoichiometry becoming more and more deficient in oxygen, at
larger depths. After a careful study of surface topography by SEM
(e.g. Fig.4b and 4c) it is concluded [5] that this RES behaviour is an
artifact caused by the presence of a 'buried' rough (laterally non-
uniform) Ni-NiO interface produced by the initial coarse surface
finish of nickel specimens. There is indeed no departure of
stoichiometry of the oxide from NiO, at any depth.
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c) Ceramics:

We have recently employed [5] RBS techniques in addition to several
conventional ones to study interfaces between mixed oxide electrodes
on polished pellets of yttria stabilised zirconia (YSZ) - a ceramic
solid electrolyte material. When a sample of YSZ is buried in a heap
of urani', scandia powder and heated in Ar atmosphere at 1400°C for 15
hours, it develops a pale yellow colour. RBS (Fig.5) shows
substantial pick up of U (upto about 30 at % U) by the YSZ surface.
The U depth profile (dashed line) would strongly suggest diffusional
penetration of U into ZrOo.
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Fig.5 RBS 'spectrum from a YSZ sample buried in the powder of urania scandia
and 'then heated at 1400°C for 15 h in Ar. A spectrum from similarly
heated YSZ 'sample but-without any powder is shown for comparison.

It is however proved wrong by a detailed analysis of many samples
subjected to isothermal heating for different times. No single
diffusion coefficient could be assigned. Additional analysis by x-ray
diffraction, SEM EDAX and optical microscopy revealed a progressive
growth of a second phase by gas phase transfer of uranium. The
situation was therefore similar to that in Fig.l.



It is quite customary to perform channeling along just one major axis
to obtain information on lattice site location of implanted species.
Many times, the substitutional fraction is obtained from just a single
channeled spectrum without even measuring an angular scan. Such half
hearted experiments can lead to erroneous results as seen in Fig.6a
which shows axial angular scans along a <0001> axis measured by Farlpw
et al [7] on a sample of a-A!203 implanted with Fe (ISOkeV, 4E16/CM2)
and then annealed at 1500°C in oxygen for 1 hour. A remarkable
congruence between the scan curves for the Al sublattice and the Fe
impurity would strongly suggest that Fe may be substitutional in the
Al sublattice of A^t^. This is however proved to be a wrong
conclusion by the cross-sectional TEM results on the same sample shown
in Fig.Gb. The areas of dark contrast are Fe rich precipitates
(identified as Fe-jO^ phase) ranging in size from 15-50 nm in diameter
and lying at a mean depth of 96nm which is consistent with RBS data.
The larger precipitates appear to be facetted and were found to be
coherent with matrix structure.

Fig.6 Effect of annealing at 1500°C for 1 h in oxygen on a a - Al^Oa sample
implanted with 160KeV Fe to 4 E16/cm , a) Axial angular scans for 2MeV
He beam, and b) Bright field TEM image of a cross-sectional sample.

4. CONCLUSIONS

It has been shown that RBS and channeling techniques can sometimes lead to
erroneous results. Whenever occurrences of lateral non-uniformities or of
coherent second phases is likely, it is imperative to use additional
techniques such as SEM or TEM.
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Abstract

The technique of channeling contrast microscopy has been developed over
the past few years for use with the Melbourne microprobe. It has been used for
several profitable analyses of small-scale structures in semiconductor
materials. This paper outlines the basic features of the technique and
examples of its applications are given.

Introduction

The techniques of Rutherford backscattering (RBS) and channeling of
MeV He+ ions have long been recognised as valuable analytical tools in
investigations of semiconductor materials and processes '1»2). However, in
recent years, the study of micro-structures in semiconductors has become of
increasing importance and hence probes with micron-dimensions are required. We
have carried out such investigations by combining RBS and channeling with
scanned He+ microbeams produced by the Melbourne microprobe. Channeling
contrast microscopy has evolved as a novel imaging technique due to our work in
this area. It is sensitive in particular to (i) localised variations in
crystal perfection and substrate orientation and (ii) variations in the
location of impurities within crystal lattices and allows micron-sized
structures to be identified. The technique has been successfully applied in
investigation of locally laser-processed regions in silicon crystals (3) an^ to
studies of individual grains in polyerystalline silicon.

Channeling Contrast

Channeling contrast imaging employs the versatile scanning and data
collection facilities of the Melbourne microprobe ^4'^'. The basic principal
involved in obtaining channeling contrast is illustrated in figure 1.
Initially the sample alignment is adjusted via a two-axis goniometer until the
He+ beam is channeled in the crystal substrate. In this situation che yield of
backscattered particles is sensitive to the rate at which the incident ions
become dechanneled in the sample. Hence, with this alignment, as the beam is
scanned over the sample the backscatter yield is highest, due to rapid
dechanneling, in those regions where the crystal has been damaged or where the
crystal orientation does not match that of the substrate. (In the
illustration, such regions are indicated by cross-hatching.)

As shown in figure 1b, the Si backscatter spectrum from the regions of
damaged or misaligned crystal will exhibit a high yield, approaching that of a
random spectrum over the depth range of the imperfection. The spectrum from
regions where the degree of crystal perfection and alignment match that of the
substrate will exhibit a low yield, equivalent to the channeling yield from the
substrate. By setting an energy window at a particular depth in the material
(figure 1b) and displaying a two-dimensional map of backscattered particles
from this window, a map which contrasts the channeled and non-channeled regions
can be obtained (figure 1c). Regions where the beam is well channeled are
indicated by a low density of backscattered particles (low density of points in



the map).
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Figure 1: Schematic showing how channeling contrast images are obtained.

cw - Laser Annealed Silicon

The first demonstration of channeling contrast involved imaging of a
locally laser-annealed region in ion-implanted Si(100) * ). Sb+ ions were
first implanted at 80 keV into Si(100) to a dose of 1 x 1015 Sb/cm2, producing
a surface layer of arcorphised silicon. The sample was then locally annealed by
a single pass of a laser beam, generated by a 10-W continuous wave (cw) argon
ion laser. The backscatter analysis was carried out with a He+ microbeam of
lateral dimensions: 12 x 15 \m^,

Figure 2 show < backscatter spectra generated from selected regions of
equal area both within the laser stripe (region 1) and outside it (region 2).
Comparison of the two spectra gives a channeling minimum yield of 4% for the
recrystallised silicon within the stripe. This indicates that (i)good
channeling has been obtained under the microbeam conditions employed in the
analysis, and (ii) good epitaxial regrowth of the silicon has occurred during
the laser anneal. The backscatter yield from within the indicated energy
window (figure 2) was used to generate the channeling contrast map of figure
3a. The dark region (low backscattered yield) across the map clearly indicates
the good crystal arising from the laser anneal. In figure 3b, the
backscattered yield is plotted as a function of distance (at 4 )jm steps) across
the laser stripe at the position indicated by the window in figure 3a. The dip
in yield has a full width at half maximum (FWHM) of 36 ym which corresponds
well with the diameter of the incident laser beam.
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Figure 2: Selected area RBS/
channeling spectra taken from regions
of equal area both within the laser
stripe (Region 1) and outside it
(Region 2).

Figure 3: (a) Channeling contrast map
showing the laser annealed crystal
(dark region). (b) Backscattered
yield as a function of position (4 \im
steps) across the laser stripe.
Statistics are integrated from within
a narrow strips, as indicated in (a).

Polycrystalline Silicon

Channeling contrast microscopy has provided a unique way of examining
impurity and damage distributions within individual grains of ion-implanted
polycrystalline silicon (polysilicon). For this analysis a commercially
produced polysilicon material with grain sizes ranging from a few microns to
approximately 1 mm was implanted with Sb+ ions and annealed at 650°C for 30
minutes. Channeling contrast analysis was carried out by aligning the sample
so that the He beam (unscanned) was channeled in a particular grain of
interest. The beam was then scanned over a region containing the aligned
grain.

Figure 4 is an optical micrograph of a scanned region and indicates the
typical grain structure. A map generated using a Si energy window is shown in
figure 4b and grains in which the beam is well channeled are clearly
illustrated by the dark regions on the map (grains 1 and 2). A degree of
partial channeling is also observed for grains 3 and 4 (as indicated by the
medium point densities). The feature running diagonally across the lower half
of the scan region is a scribed track used as a location marker. As expected,
channeling is poor in the vicinity of this track and topographical effects such
as shadowing are observed. The Sb map (figure 4c) shows two features of
interest: (i) the Sb yield is lower (dark region) in the well channeled grains
(1 and 2), indicating substitutionality of Sb, and (ii) the scratch contains
bright areas which indicate segregation of Sb to this region. Selected area
RBS/channeling spectra for the scanned region are shown in figure 5. The
aligned spectrum was taken from grains 1 and 2, in which the beam is well
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channeled, and the non-aligned spectrum was taken from a region of equal area
over the non-channeled grains. The area about the scribe mark was excluded
from the spectra since it would introduce spurious topographical effects. Of
particular interest in these spectra is the non-Gaussian shape of the Sb
profiles which indicates redistribution of Sb during annealing. This movement
of Sb was not observed for a similar region on the same sample indicating
possible grain-orientation dependent redistribution effects.

Figure 4: (a) Optical micrograph of region of polysilicon sample scanned with
the microbeam. (b) Map generated from Si energy window. (c) Map generated
from Sb energy window.

Pulsed-Laser Annealing of Silicon

The channeling contrast map shown
in figure 1c illustrates a pulsed-laser
annealed spot in a Si(100) sample which
had been pre-amorphised and implanted
with In+ ions. The laser annealed
region has a diameter of 50 microns and
the map indicates good crystal regrowth
within the spot. This is part of a
study of implant redistribution effects
during high temperature, short-time
annealing of amorphous layers in silicon.
Channeling contrast imaging has proved
to be an invaluable aid in this work
since it provides the only means of
locating and analysing these laser-
induced features. 200 300 ~Y WO

CHANNEL NO. (3.8 keV/channel)

Figure 5: Selected area RBS/
channeling spectra from aligned
grains (1 and 2) and non-aligned
grains.
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Conclusion

The technique of channeling contrast microscopy has been described and
outlines of several applications have been given.
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- A B S T R A C T -

A 3 MeV Van de Graaff accelerator has been in operation at LHRL for
21 years achieving over 77,000 hours operation. With the ageing of
the accelerator, there has been a decrease in the amount of funda-
mental research and an increase in applications work. New ways of
expanding accelerator capabilities are continually being sought.

The present accelerator offers a unique tool to be used in assess-
ing the suitability of components and systems for applications in
an environment where electrostatic fields and radiation pose a
significant problem. It also lends itself as a suitable injection
stage to study post acceleration techniques. See Table 1 for
standard performance parameters.

1.0 EXISTING AND RECENTLY DEVELOPED FACILITIES

1.1 Beam Lines

Figure 1 shows a layout of the 3 MeV Van de Graaff beam lines. The most
commonly used facilities are:

(i) Neutron producing target with multi angle detector positioning,

(ii) 10° elevated beam line for heavy ion implantations,

(iii) 45° elevated facility for neutron experiments.

(iv) XYZ manipulator for high resolution positioning of a target,

(v) Carousel target facility used for measurement of flourine in coal.

(vi) Neutron producing target and 760 mm diameter scintillation tank used
in cross section measurement.

(vii) SNIP facility, discussed elsewhere in this paper.

(viii) Multiple target facility for PIXE/PIGME analysis with an annexed
external beam facility.

(ix) Goniometer chamber used for channelling and backscattering.

(x) Microbeam facility for PIXE/PIGME analysis of ore samples.

1.2 Heavy Ions

The ion soi
is ionised by a 100 MHz RF oscillator. This type of ion source is designed to

The ion source used is of the RF type where a gas feed of ̂  10 atm.c h
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have a high H yield.

Recently nitrogen, carbon, oxygen and neon have been accelerated yielding
analysed beams of several microamperes. Heavier ions have reduced the ion source
lifetime by up to five times that of hydrogen use.

Limitations are placed on the beam in terms of mass energy product by the
maximum angle through which the present analysing magnet can deflect the beam.

1.3 SNIP

A facility has been developed to provide standard neutron beams of known
energy and energy spread. Three reactions are used:

i)

ii)

iii)

7Li
9Be

D (d

(P.

(d,

,n)

n) Be

n)10B
3He

The first two reactions have been extensively used at LHRL whilst the third
is under current development using a deuterium gas target.

1.4 Telemetry System

In a single ended accelerator such as the 3 MeV Van de Graaff, a fault
condition in the top terminal cannot always be easily analysed due to its iso-
lation inside a'pressurised tank. To help overcome this problem a telemetry
system has been partly installed that transmits terminal parameters to digital
displays or hard copy in the control room. Voltage to frequency converters
encode data which is then sent over fibre optic links. These links need to
withstand extremely high voltage gradients whilst the electronics is subject to
both radiation and electrostatic field effects.

1.5 Low Energy Use

The limiting factor on operating with terminal energies below 700 kV had
been the inability to draw adequate corona discharge current when the corona
points were fully in. Without this current, the energy stabilisation system
could not function and terminal energy fluctuations resulted in loss of beam on
target or large energy spreads.

With an extension shaft fitted to a new set of corona points, adequate
corona current can be drawn down to 80 kV. Beam transmission is degraded at
these low energies but a useable Ne beam of 230 kV has been used.

2.0 PROPOSED DEVELOPMENTS

Two ideas are being evaluated, the first is to upgrade the energy of the
accelerator using post acceleration and the second is to get shorter pulses
using a room temperature quarter wavelength resonator.
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2.1 Post Acceleration

The most likely method to be tried will be that of a core type induction
linac using the 3 MeV accelerator as an injector. This scheme lends itself to
modul. . stacking so the production of one module alone will lead to an under-
standing of the principle. Modular voltages up to 500 kV have been achieved.

2.2 Shorter Pulses

Pulse widths to less than 200 pS have been produced using quarter wavelength
resonators as bunching elements. Most have been superconducting elements but a
room temperature buncher has achieved equally short pulses.

The 3 MeV accelerator can produce the initial pulse to be bunched by two
methods. Firstly, and perhaps the easiest to operate, the beam is chopped and
bunched in the top terminal. The disadvantage of this method is the relatively
low pulse currents. The second method uses a bunched d.c. beam and post
deflection. The latter method is still to be fully evaluated in terms of buncher
operating frequency and obtainable pulse current.

T A B L E 1

RANGE OF ENERGY

Direct current beam

Pulsed beam, 1 MHz Prep. Rate

Pulse-i beam, microsecond
to one shot operation

0.7 to 3.0 MV

700 yA H+

500 yA D1"
200 yft He

10 yA 10 ys
10 yA 3 ys bunched

Pulse length and
current user determinable

Figure 1 - Beam Line Layout (see text for legend)
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The problem of elemental composition analysis for a variable
thickness surface layer has been investigated. Both protons and
alpha-particles with a range of energy were used as the incident
ions for PIXE, PIGME and RBS measurements so that the variation
of elemental composition as a function of surface thickness could
be studied.

An example of measurements on desert varnish coatings on under-
lying rock is given.

INTRODUCTION
The main aim of our investigation has been to measure the elemental

composition of a sample material that forms an unknown thickness layer on an
underlying substrate. However, in order to have confidence in the measured
values we must confirm that the detected X- and Gamma-rays do in fact originate
from the sample intended to be measured. This has been done by determining
whether measured elemental compositions vary with sampling depth (i.e. are we
sampling through the surface layer into the underlying sample?) and if possible
by establishing whether an interface occurs within the analysed depth. The
procedures were initially tested on a collection of desert varnish samples.

EXPERIMENTAL PROCEDURES
As a first step the X-ray and gamma-ray yields at the detector were derived

as functions of incident ion energy so that any variation in measured element
composition could be understood as a function of sampled depth. A measurement of
PIGME yield versus incident energy (2.5 - 1.8 MeV) for B, Li, F, Na, Mg and Al in
three homogeneous geological samples was made. From this we derived the empirical
relationship between the incident energy and the proton range in the sample when
there was a 50% contribution to the total detected counts. Results from this
analysis are shown in Figure la. Depths are given in units of mg/cm2, and a
comparative (micrometre) scale for a sample density of 3 is also shown.
Calculations of 50% contribution to the total detected count were also made for
proton and alpha-particle induced X-ray emission measurements with incident
energies in the range 1.8 - 2.6 MeV by using the procedures described by
Clayton (1), and the results are shown in Figures Ib and Ic for elements in the
range Si to Zr. Hence, by using the three analytical techniques with a range of
incident energies we could, in effect, measure the composition of the sample
layer for depths of up to 8 mg/cm2. Progressive changes in element concentrations
with depth should therefore indicate possible compositional change as we analyse
not just the sample layer but the underlying substrate. For example, from
Figure 1 it can be seen that for PIGME analysis of the lighter elements (B) we
sampled to a depth of 20 ym whereas for HIXE measurements we only sampled depths
of 1 to 2 ym. PIXE samples up to 10 ym depths, depending on the element selected.

It should therefore be possible to gain information on composition
variability as a function of depth and particularly on whether a surface layer/
substrate interface has occured within the sampling depth by comparing the results
of measurements made with a combination of these techniques and of the energy of
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the incident ions. For example, differences in measured Mg concentrations will
be expected from PIGME and PIXE and their significantly different sampling depths
if an interface occurs within the PIGME (greater) sampling depth. Variations in
measured Zr or Na concentrations will also show up if a non homogenous layer is
analysed by a series of PIXE and PIGME measurements (respectively) that use a
range of incident proton energies.

The second stage of the experiment was concerned with Rutherford back-
scattering (RBS) measurements of the layered samples and a study of the effect
on a measured spectrum of an interface layer.

DESERT VARNISH
"Desert (rock) varnish" is a naturally occurring, thin (generally between

5 and 200 micrometres) layer which is well developed on many stable rock surfaces
in arid areas (2). The varnish is usually composed of silicate clay minerals,
bonded to each other by manganese and iron oxides and hydroxides and to the
underlying rock. The samples were from a site in western Hew South Wales where
continuous to patchy layers of varnish cover siltstones, conglomerates and fine-
grained sandstones. Varnished and partly varnished Aboriginal rock engravings
are present on many of these surfaces.

COMPOSITION MEASUREMENTS
Elemental concentrations were obtained for a number of rock types and

significant changes in concentration for F, Na, K, Ti, Ba and Mn were seen for
rocks which were available both with and without varnish.

In tha majority of cases there was general agreement between the concentrations
measured by the various analysis methods for the different surface layer thicknesses;
this agreement shows that these varnish coverings have thicknesses greater than
the projected range of 2.5 MeV protons. However, the data for rock 1C show the
effect of an apparently thin varnish layer on the measured elemental composition.
There was a build-up of Mn concentration with decreased sampling depth although
the si, K and Ca concentrations (with their smaller sampling depths) were
relatively unaffected. As expected there were very significant differences
between the PIGME Mg measurement and that made with the other techniques.

RUTHERFORD BACK SCATTERING
RBS measurements using normal incidence and 135° reaction angle were made on

the samples with a range of incident ion energies (2.35 MeV alpha particles;
2.5, 2.25, 1.7 and 1.5 MeV protons). The results from these measurements were
compared with calculations made using the RBS code formulated by Ziegler et al (3).
Good fits to the measured spectra have been obtained, even though, in some cases,
apparent roughness effects have not yet been satisfactorily resolved. A typical
RBS spectrum from the varnish layer on rock 5 is shown in Fig.2. It can be seen
that the calculated spectrum for a simple homogeneous system provides a good
representation of the measured spectra. The element composition used for the
calculation is similar to that derived from the PIXE-PIGME analysis provided that
account is taken of the summing of the adjacent element compositions in the
calculation. For example Mg + Al + Si.

Fig.3 shows calculated spectra for a 0.5 urn layer of varnish on rock sample
(a) and for a sample of thick varnish (b), together with a measured spectrum from
rock IB (c). The varnish composition used in the calculations was similar to that
used previously. However, both Mn and Fe were included with equal concentration.
The underlying rock was assumed to have a similar Fe concentration to the varnish
sample but no manganese and the Mn concentration was added to the Mg/Al/Si
concentration. The effect on the calculated spectrum of replacing the heavier
element with a lighter element is most dramatic, and one which would be very
easily seen in a measured spectrum.
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Spectra from the rock surfaces examined have not shown the dip in the
spectrum due to a drop in Mn concentration and hence it is possible to say that
the varnish layers had thicknesses greater than 1.5 ym, and that a HIKE analysis
would provide a valid composition measurement.

Use of an incident proton beam and a sequence of incident energies enabled
us to probe the sample to larger depths. Calculated spectra obtained using
homogenous compositions for the varnish were, once again, in good agreement with
the measured spectra. A series of calculations made for a range of varnish
thicknesses on underlying rock suggest that a varnish/rock interface would be
detected if the varnish layer was less than 10 urn thick.

CONCLUSION
Use of a combination of ion beam techniques has been shown to have

significant advantages when analysing variable thicknesses of desert varnish.
As was expected, HIXE measurements provide the best guarantee that only the
varnish layer is being sampled. However, the relatively low X ray production
cross-sections and the absence of Li, F, Na and possibly Mg and Al concentrations,
make a low energy (1.5-2.0 MeV) PIXE-PIGME analysis a more suitable alternative.
Confirmation of the homogenous nature of a sample by an RBS measurement gives
additional confidence in the results.
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THE CHANGING FACE OF FISSION TRACK DATING: RECENT ADVANCES.

P.F. GREEN. I.R. DUDDY, A.J.W.GLEADOW, G.M. LASLETT, K.A. HEGARTY

and J.F.LOVERING.

Geology Department, University of Melbourne, Parkville, Victoria, 3052

Abstract.

Fission Track Dating has undergone something of a renaissance in recent years .
What began as a rather unreliable method of geochronology has now become a

rigorous and dependable means of measuring not only geological time but also
paleotemperatures. Developments such as the "zeta" calibration technique,
rigorous statistical data analysis, investigation of confined track lengths and
detailed studies of annealing behaviour have all contributed to advances in the

technique.

INTRODUCTION.

The field of fission track dating originated over 20 years ago, as a

straightforward method of geochronology. Over the years however, the technique

has developed as the unique temperature sensitivity of fission tracks has become
recognised. Now the technique offers the potential of combining geochronological

information with the ability to define the variation of temperature through
geological time. It is finding wide application in oil and mineral exploration,

as well as in defining the geological time scale, studying the uplift of mountain
ranges, and defining the timing and scale of large scale fault movements.

In this paper, we concentrate on some of the recent developments in the field,
including advances in our understanding of the response of fission tracks to

elevated temperatures (annealing) and conclude with a brief survey of some
current fields of application.

NUMERICAL CALIBRATION OF FISSION TRACK DATING.

Development of Fission Track Dating (FTD) was, for a long time, hindered by

problems associated with neutron dosimetry and choice of an appropriate value for
X f, the spontaneous fission decay constant of "°U. The confusion that arose

because of these problems has been eliminated by the explicit use of age standards

to calibrate FTD against other dating techniques. In the zeta calibration method ,

age standard minerals are used to derive a single calibration parameter, "zeta",
which combines the constants Contained in the age equation into a single,

empirically determined constant, from which unknown ages can be evaluated. An
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extensive assessment of the zeta calibration approach has demonstrated its
viability and its advantages when compared with explicit use of neutron dosimetry
and values of "X f .

REPRODUCIBILITY AND APPLICATION TO THE GEOLOGICAL TIME-SCALE.

The suitability of fission track dating for placing constraints on the

Geologic Time Scale has been the subject of considerable debate in recent years.
This debate has centred around the role of both systematic and random errors in
determination of fission track ages. Systematic errors can be eliminated by
careful and consistent use of the zeta calibration technique described above.
The scale of random errors is controlled largely by the numbers of tracks counted
in determining the age (because of the Poissonian nature of radioactive decay).

The results of repeated analyses of the same sample by experienced observers show
consistency, within the allowed limit of: Poissonian variation.

The uncertainty in a single fission track age usually represents a balance
between the amount of effort necessary to count sufficient tracks, and the

benefit of that effort. Generally, a 2o~ error o£ acound 10% is typical. As
such these sort of measurements are of little use in stratigraphy, where 2o~errors
of about 2 or 3% would be desirable. However, repeated determinations can bring
the error level down towards the desired level of precision. For instance, the

weighted mean of six age determinations on Fish Canyon Tuff Zircon (a commonly

used fission track age standard) has a 2<T error of 3.7%, eight determinations of

Tardree Rhyolite - 3.6%; thirteen determinations of Mount Dromedary - 3.%. This
level of precision could be useful in stratigraphy, and greater numbers of

repeated determinations could bring the precision down further. However, this
would entail a large amount of work, and the effort required would need to be

balanced against the benefit gained from the final result.

PRACTICAL CONSIDERATIONS IN APPLICATION OF FISSION TRACK DATING.

Fission track dating is by no means a simple matter that can be picked up

quickly. On the contrary, precise reproducible track counting can only be

achieved through experience and constant practice. Six months of intensive and
dedicated practice would seem to be the absolute minimum time necessary. In most

cases, a year might be more appropriate.
Furthermore, this practice must be designed around a desire for consistency in

repeated determinations of some parameter. This parameter could be either the
ratio of fission track densities obtained from different dosimeter glasses in the

same irradiation, or zeta values obtained from both repeated determinations of
the same sample and from several different samples. It is essential that

consistent results be obtained from both types of experiments before any reliable
unknown ages can be determined.

Discussion during the 4th International Fission Track Dating Workshop at
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Troy, New York, U.S.A. (1984) showed, disappointingly , that many fission track

workers still have no experience of age standards. Sadly, this was reflected in

the results of the interlaboratory comparison exercise held in conjunction with

the Workshop in which roughly a third of all ages returned were outside +2cr of
the known ages of the samples used (even with 2o~ errors of between 10 and 20%).

FISSION TRACK LENGTHS IN APATITE AS INDICATORS OF THERMAL HISTORY.

Fission-track ages in apatite are generally accepted as giving a measure of

the time over which a sample has been exposed to temperatures below approximately
100°C. Investigation of the lengths of confined fission tracks in a wide variety

of different apatites has shown that the distribution of confined track lengths
can provide unique information on the nature of thermal history in the

temperature range below about 150°C over times of the order of 10' to ICr years.
The distribution of confined lengths of freshly produced induced tracks is

characterised by a narrow, symmetric distribution with a mean length of around
16.3.um and a standard deviation of the distibution of approximately 0.9/im. In

volcanic and related rocks which have cooled very rapidly, and never been

reheated above about 50°C, the distribution is also narrow and symmetric, but

with a shorter mean of 14.5 to 15>im, and a standard deviation of the distribution
of approximately 1.0,um. In basement terrains which are thought never to have

been significantly disturbed thermally, the distribution becomes negatively
skewed, with a mean around 12 or 13 um and a standard deviation between 1.2 and 2

ûra. This distribution is thought to characterise continuous cooling from
temperatures in excess of 125°C, to ambient surface temperatures.

More complex thermal histories produce correspondingly complex distributions
of confined tracks. The length of each track shrinks to a final length

characteristic of the maximum temperature it has experienced. This, combined
with the continuous production of tracks with time, gives a final distribution

which directly reflects the nature of the variation of temperature with time.
Most distinctive of the myriad possible forms of the final distribution are

the bimodal distributions, which give clear evidence of a two-stage history,

including high and low temperature phases.

LABORATORY STUDIES OF FISSION TRACK ANNEALING IN APATITE.

Previous fission-track annealing studies have described the reduction in

track density in terms of a series of fanning lines on an Arrhenius plot, each
denoting conditions of temperature and time producing an equal degree of

annealing. This has been interpreted in terms of a range of activation energies
corresponding to different degrees of annealing, with activation energies

varying by a factor of 2 or 3 between complete track retention and total erasure.
New high precision measurements of confined track lengths in annealed Durango

apatite however have led to the development of a new mathematical formalism to
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describe annealing, of the form:

= log(t) - C - C/T

where t=time and T=temperature (°K). This equation involves only a single
activation energy (approx. 1.6 eV), or a very narrow range (~30%), implying a near
parallelism of lines for various degrees of track length reduction in an
Arrhenius plot.

Borehole studies have shown that different apatite grains respond to the same
annealing conditions in differing degrees. Electron microprobe studies of
these apatites indicate that the annealing properties of individual grains are
strongly controlled by their F/C1 ratio. The interpretation of laboratory

annealing studies, and to a lesser extent borehole studies, in terras of fanning
Arrheniusplots may be understood as the result of the superposition of a series of

near parallel Arrhenius plots corresponding to the range of compositions
present, each characterised by different activation energies.

The new formalism can easily be extended to annealing treatments in which
temperature varies with time, predictions of mean track length, using this

approach, in apatite samples annealed in the laboratory under variable
temperature conditions show generally excellent agreement with observed values ,

supporting the validity of the treatment.
The shortening of individual tracks under linear heating and cooling show very

different characteristic patterns. This behaviour leads to predictions of track
length distributions under geological annealing in qualitative agreement with

observation. However, it is not possible, at present, to extend the treatment to
quantitative modelling of natural track length distributions, because of a

variation of annealing behaviour between different apatites. Rigorous
quantitative prediction of fission track parameters under geological annealing

must await further data on the variation of annealing properties with apatite
composition.

APPLICATIONS.

Recognition of the sensitivity of apatite to thermal episodes involving

temperatures of on.l.y around 100°C has opened many new realms of application for
FTD. Investigation of apatite fission track ages around rifted continental

margins, such as south eastern Australia, reveal a decrease in age towards the

coast due to the thermo-tectonic events associated with rifting. Study of trac'c
lengths in such regions can allow maximum paleoteinperatures to be estimated which
can be used to constrain viable models for the development of rifted margins.

The coincidence between the temperature range in which apatite shows
observable annealing effects, and that in which liquid hydrocarbons are
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generated has led to an explosion in applications of Apatite Fission Track

Analysis (AFTA) in the field of oil exploration. AFTA has been applied in a

number of sedimentary basins, in Australia and around the world, in order both to
study the annealing of tracks under well understood geological conditions, and
also to apply the principles developed from these reference studies to other less
understood situations. Areas under study include the Otway, Gippsland, Bowen,

Amadeus and Cooper- Eromanga Basins of Australia, the Appalachian Basin of the
U.S.A. and the North Sea.

A study of zircons from fault rocks associated withthe Alpine Fault, South
Island, New Zealand has shown that the present fault zone has established along a

much earlier line of weakness. The fission track results show evidence of at least
three stages in the development of the present fault zone. The first stage was
complete by around 80 Myr ago. At about 9 Myr, compression across the fault
heralded a new regime in which uplift led to the formation of the Southern Alps,

with a rapid increase in the rate of uplift at about 5Myr.
These are just a few of the many situations in which fission track dating is now

being applied, and which illustrate the unique information that the method can
provide. The coming years should see a rapid expansion in the study of thermo-
tectonic processes using Fission Track Dating.
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LOW LEVEL DETECTION AND VISUALISATION OF FISSILE AND ALPHA

EMITTING NUCLIDES BY SOLID STATE NUCLEAR TRACK DETECTORS

W.R. Ellis, Australian Atomic Energy Commission Research
Establishment, Lucas Heights Research Laboratories,
Private Mail Bag, Sutherland, N.S.W. 2232, Australia.

1. INTRODUCTION

Nuclear track techniques, using solid state nuclear track detectors, have
been in use for about 20 years. There are two main types - fission track and
alpha track. The first method is used to determine very low levels of
fissile material (uranium or plutonium). The sample is brought into close
contact with a fission fragment detector, e.g. muscovite mica or Lexan
polycarbonate, and the combination irradiated in a reactor. Fission
fragments from the fissile material cause damage tracks in the detector which,
on etching (with hydrofluoric acid in the case of the mica) are enlarged to
such a size that they become visible under the optical microscope.

The alpha method detects very low levels of alpha-emitting nuclides. No
reactor irradiation is required; the sample is simply placed in firm contact
with the alpha track detector (usually a material known as CR39) and left for
the appropriate time. Alpha particles from the sample leave damage tracks in
the CR39 and, on subsequent etching in caustic soda solution, enlarges the
tracks and renders them visible under the optical microscope.

In both methods, the number of tracks observed in a given area of
detector is a function of the quantity of the material of interest in the
sample. As the range of the fission fragments and alpha particles is small
(only a few mg cm 2) both methods detect only material of interest on or very
close to the surface of the sample.

Because the background of CR39 is virtually zero, the sensitivity of the
alpha method is very high, particularly if long exposure times can be
tolerated, e.g. times c-f several weeks or months are commonly used. For
example, an alpha track density of 1000 tracks cm 2 is easily countable and if
this number is accumulated in a week's exposure, the alpha activity in the
substrate would be about 4x10 3 Bq cm 2 . For a range of 4 mg cm 2 , this
would represent an activity of 1 Bq g l. The fission method is also highly
sensitive and sub-picogram quantities of uranium or plutonium can be detected
with short reactor irradiation times.

2. APPLICATIONS

The presentation will cover the following applications.

Alpha emitters in tissue

This is used to study the transfer of 2 3 7Np across the mammalian gut and
its subsequent distribution in bone and other target organs. Under current
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ICRP recommendations, 237Np is the limiting radionuclide in safety assessments
of several high level waste disposal scenarios.

Plutonium content o£ corals

This is used to study the chronological sequence of the incorporation of
239Pu in corals from Mururoa. The 20 kg 239Pu at the bottom of the lagoon at
Mururoa may have arisen from atmospheric testing of nuclear weapons prior to
1974 or from storm events during the 1980s which may have washed stored wastes
into the lagoon.

Uranium uptake by marine biota

The tissue location of uranium, metabolically taken up by marine
organisms, strongly influences the subsequent kinetics for excretion, the
bioaccumulation factor and hence the radiological significance of the uptake.

Visualisation studies (SYNROC)

An advantage of track methods is that they can sometimes allow the
visualisation or imaging of nuclides on or near the surface of materials.
SYNROC is being evaluated for its ability t,o retain incorporated radionuclides
over a long period of time and the distribution of added nuclides within the
various phases is of interest.

3. CONCLUSION

The number and variety of applications of nuclear track techniques in
various branches of science are increasing steadily. Their ease of use, and
sensitivity, particularly their ability to determine the amount and
distribution of low levels of alpha emitters and/or fissile materials in a
wide range of substances, ensure that these techniques will continue to be in
demand.
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FACILITIES AVAILABLE THROUGH

A.A.E.G. Applied Physics and A.I.N.S.E. Accelerator Group

LUCAS HEIGHTS

500 kV-3 MeV Van de Graaff
positive ion accelerator:

200 kV-1.3 MV Van de Graaff
electron accelerator:

600 kV Febetron:

Thick target PIXE
Analysis System:

5. XYZ Target Manipulator;

SNIF: Standard Neutron
Irradiation Facility:

Capable of accelerating protons,
helium ions and other selected
heavy ions (Ne, D).

d.c. beams as well as 3 ns pulsed
beams are available.

Produces both d.c. and pulsed
electron beams.
d.c.: 300 yA
pulsed: 10 mA/3 ys pulse
Comes with a PDP11/23 dual floppy
disk drive data acquisition system
capable of digitising down to
100 ns transient pulses.

3 ns pulsed electron source capable
of delivering 10 J in a single pulse.
Also comes with a fast data acqui-
sition system which digitises 10 ns
pulses and stores them on a PDP11/23
with dual floppy disk drive.

Capable of analysing by PIXE most
thick targets for elements from Na
upwards in concentrations down to
1 yg g-1.
Uses a high resolution Si(Li) (150 eV)
detector and the data acquisition
system described in (7).

High precision, three-dimensional
target manipulator with 50 ym
precision in X-Y and Z direction,
together with 360° target rotation
to 0.2°. It comes complete with
two surface barrier detectors with
independent 360° rotation and
possible target LN2 cooling.
Used mainly for nuclear reaction,
Rutherford backscattering and sur-
face roughness work.

One leg on the 3 MV Van de Graaff
has been dedicated to neutron
irradiation work. Various nuclear
reactions are used (Be(d,n),
Li(p,n) etc.) to produce standard,
well characterised neutron beams
for irradiation and neutron damage
studies. Currently, we can supply
3 x 10B neutrons cm~2 s"1 with
energy from 10 keV to 10 MeV with
absorbed neutron doses of up to
5 K rad h"1.



7. Computing Facilities;

8. Moata Reactor:

9. Uranium Analysis:

10. Neutron Activation
Analysis:

11. Fission Track
Analysis:

12. Neutron Radiography:
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Lucas Heights has a large 3033s IBM com-
puter with the usual array of VDUs and
graphics capabilities. This large on
site computer is connected to Applied
Physics Division's PDPll/23 with hard
disk drives which, in turn, is connected
to our Lecroy 3500 data acquisition sys-
tems (two of them, with dual floppy disk
drives). Large programs exist for the
analysis and synthesis of PIXE, HIXE,
RBS and, in a few cases, nuclear reaction
analysis. Data bases for light ions
travelling in matter are extensive.

100 kW maximum power, 1.2 x 1012 neutrons
cm"2 s"1 maximum thermal neutron flux.
Two irradiation facilities exist in maxi-
mum flux regions for small volume irradia-
tions. Positions in the external reflec-
tor (5 x 1011 neutrons cm 2 s l ) and
thermal columns (1010-1011 neutrons cm~' s
are available for larger volume irradiation.

n-2 „-]

Using delayed neutron method. Two 10 g
samples, sensitivity 1.5 ug natural
uranium. 50 samples/hour.

0.2 to 0.5 g samples, encapsulated in disc
geometry can be irradiated in batches of
35. Automatic counting and data processing
of activated samples is available.

Fission track dating packages and fission
track mapping assemblies can be irradiated
in the maximum flux region of Moata.
Facilities for sample preparation and
track counting available.

A well collimated beam, diameter 10 cm,
strength 1.4 x 106 neutrons cm"2 s"1

available on Moata, together with dark
room facilities. Commercial quality
neutron radiographs can be produced.

Contact: AINSE
Dr. D.D.Cohen
Australian Institute of Nuclear
Science and Engineering,

P.M.B. SUTHERLAND 2232

Telephone: (02) 543- 3042

Telex ATOMRE 245 62

A . A . E . G .
Dr. J.R.Bird
Australian Atomic Energy Commission,
P .M.B. SUTHERLAND 2232

Telephone: (02) 543 - 3447

Telex ATOMRE 245 62
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CSIRO DIVISION OF ENERGY CHEMISTRY

and

AUSTRALIAN FEDERAL POLICE

Facilities for Thermal Neutron Activation Analysis

1.0 Irradiation Facility (HIFART

1. X-6 neutron flux ~ 5 x 10U n.cm .s

2. X-176 neutron flux ~ 5 x 10H n.cmz.s~'

(Fast Access facility - short irradiation only)

2.0 Gamma Ray Spectrometers

1. Intrinsic Germanium Planar Detector
Active Area: 500 mrn^
Thickness: 5 mm
Energy Resolution: 378 eV @ 6.4 keV

568 eV @ 122 keV

2. Intrinsic Germanium Coaxial Detector
Energy Resolution: 1.8 keV <3 1.332 MeV
Efficiency: 18%

3. Lithium Drifted Germanium Closed End Coaxial Detector
Energy Resolution: 2.3 keV @ 1.332 MeV
Efficiency: 17%

4. Lithium Drifted Germanium Closed End Coaxial Detector
Energy Resolution: 2.3 keV Q 1.332 MeV
Efficiency: 13%

5. Lithium Drifted Germaniuir "oaxial Detector
Energy Resolution: 2.1 keV 0 1.332 MeV
Efficiency: 15%
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3.0 Multichannel Pulse Height Analysers

1 x Canberra CI8180
3 x Canberra Series 40
1 x Nuclear Data ND660

4.0 Analytical Services Qfferreu

Facilities for thermal neutron activation analysis are offerred
to outside organisations on a limited and selective basis.

5.0 Further Information

Mr. J. J. Fardy,
CSIRO Division of Ener9y Chemistry,
Lucas Heights Research Laboratories,
Private Mail Bag 7,
SUTHERLAND, N.S.W., 2232
Australia

Telephone: ( 02 ) 54:5-3066
Telex: AA 733-U
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C.S.I.R.O. Chemical Physics Lucas Heights

Facilities Available for Ion Implantation

A 50kV implanter capable of providing beams from solid or gaseous

material at currents from 50yA to 5mA is available. An analyser

magnet is being installed to enable separation of ion beam components.

Target potential may be raised to -25kV to allow an effective energy

of 75keV for singly charged ions and ISOkeV for doubly charged ions.

Furnace and laser annealing facilities are available. A sophisticated

RBS and channelling facility has been constructed for surface analysis.

A wear machine is in operation and we h-we access to Auger analysis

and scanning electron microscopes.

Contact: Dr. M.J.Kenny
CSIRO Division of Chemical Physics,
Ion Implantation Group,
Lucas Heights Research Laboratories
LUCAS HEIGHTS

Telephone: (02) 543 3300

Telex ATOMRE 245 62
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CSIRO Division of Mineral Physics and Mineralogy, P.O. Box 136,
North Ryde, N.S.W. 2113

THE HEAVY-ION ANALYTICAL FACILITY

The Heavy-ion Analytical Facility (HIAF) oi the CSIRO Division of

Mineral Physics and Mineralogy is based on a General lonex 3 MV

Tandetron tandem electrostatic accelerator. Charged by a 2 kW 40 kHz

Cockroft-Walton type solid-state voltage multiplier, this machine

displays excellent stability and load regulation under GVM control, as

exemplified by the absence of analysing slit feedback.

The tandem configuration permits a set of external ion-sources to

be fitted interchangeably onto the injector of the machine enabling

beams of H~, He" (with Li exchange canal) and a host of heavy-ion and

molecular beams to be injected for acceleration (see table I). In

addition, an Accelerator Mass Spectrometry (AMS) system is currently

being developed, which will enable chronology based on cosmogenic

radionuclides, and in-situ measurements of ultra traces.

The facility is configured with 5 beam lines and a switching

magnet to deflect the beam into a selected beam-line (see figure 1).

The current assignment of lines is as follows:

1 RBS and resonant elastic scattering (RELS), including

channeling

Forward recoil work

NRA - reaction product detection

2 NRA - -y-ray detection, H-proflling

3 [iPROBE ~ combining PIXE with NRA with a microprobing capability

4 AMS - test experiments

5 Ion Beam Modification - Surface analysis facility.

Utilization of the facility is open to a wide range of external

users, with active collaborations with the universities of Sydney, NSW,

Newcastle, Queensland, Macquarie, together with the ANU, NSWIT, NML and

other CSIRO Divisions, now in their second year. A number of pilot

projects with several mining companies are underway.
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Particular features of the installation include:

MICROPROBE

Following a year of successful operation the microprobe has been

recently upgraded to improve the viewing optics and detection

geometry. Features offered by the microprobe include:

- Electrostatic Russian quadruplet lens which can focus proton

and heavy-ion beams to a 5̂ m beam-spot

- UHV vacuum system

- Si(Li) X-ray spectrometer with variable filter magazine

- Surface barrier detectors

- Normal-viewing microscope (400x) with reflecting objective

- XYZ specimen manipulator

- target-change vacuum-lock

- wavelength-dispersive detection system

GONIOMETER

A 2-axis goniometer, currently in the testing stage, will upgrade

the existing scattering chamber used for RBS, RELS and NRA (reaction

product detection). Features of the goniometer design include:

- 2-axis target rotation (azimuth, elevation)

- independently rotating detector table

- UHV design, bellows-sealed rotary motion and all metal seals

- stepper-motor drive (0.005 degree resolution)

- computer and manual control

- stepper-motor controlled slits (0.003 mm resolution)

- liquid nitrogen target cooling

- target-change vacuum-lock

- 3-axis motion

* planned or in design stage
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AMS

Testing of many components of the accelerator mass spectrometry

system is underway and the basic design of the high resolution injector

is nearing completion. The AMS system comprises:

* multiple target sputter source with some probing capability

* high resolution stigmatized injector

- computer controlled analyzing magnets

- 12 degree spherical electrostatic analyzer

- proportional counter telescope for particle identification

* time-of-flight spectrometer

COMPUTER CONTROL SYSTEM

A stand-alone S100 based computer system has been developed to

control beam-optical parameters and specimen manipulation. In addition,

it is anticipated that ths system will provide the necessary automation

for AMS and excitation function experiments. The system comprises:

- 4 MHz Z80 CPU, with 64K RAM and dual 8 inch floppy disks

- parallel I/O ports

- 32 channel RS-232C serial ports for remote control

16 channel 16-bit high-speed DACs

- 5.5 digit dual-slope ADC

- bit-mapped colour graphics processor

Devices currently configured for control by this system include:

- current regulated power-supplies

- Faraday cups and current metering

- parameter sampling unit

- stepper motor controller units

- preset/re-cycling sealers.

* planned or in design stage
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TABLh I HIAF PARTICLE BEAMS*

ION SOURCES

Direct-extraction Duoplasmatron:
1H~ 85 uA 160- 30

Duopiasmatron and Li exchange canal:
4He~ 2 \iA @ 25 keV

Hiconex - sputter ion-source:

C~ 20 pA Si"

CH~ 70 (iA S~

CN~ 8 |iA Ni"

F~ 2 iA Cu"

16

32

4

2

BEAMS

12C34-

12

15

12

3

14 3+
N

32 3+
S

100 nA @ 16 MeV

5 iA

* Examples of particle beams used in experiments to date.
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DATA ACQUISITION SYSTEM

Data is collected by a LeCroy 3500 MCA system with MUPCC

controlled external CAMAC crate for multiparameter data acquisition.

High speed ADCs minimize computer dead-time contributions. This system

controls on-line spectrum display, while data can be transferred to a

VAX computer for off-line analysis and display. Features of the system

include:

Singles Mode:

- LeCroy 3500 MCA system

- 3511 ADCs, 4 (is conversion time, 13 bit resolution

16K channels x 24 bit data memory

Event-by-event Multiparameter Mode:

- LeCroy MUPCC proprietory high-speed intelligent crate

controller

40 kHz data rate to memory

128K x 24 bit histogram memory

- on-line 2D sorts with isometric-3D and contour displays

- high-speed streamer tape storage.

Contact: Dr. S.Sie

CSIRO Division of Mineral Physics and Mineralogy,
NORTH RYDE 2113

Telephone: (02) 887 8666
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THE UNIVERSITY OF MELBOURNE

Micro Analytical. Research Centre

Service to Industry
Collaborative Research with Industry and Research Institutes
Basic Research and Development in Elemental Microanalysis and Ion Optics

Facilities for non-destructive trace elemental mapping and depth profiling

5 MV Pelletron Accelerator is coupled to a
Scanning Proton Microprobe of 1 micron lateral resolution instrumented for:

PIXE, RBS, RFS and NRA analysis
Channelling Contrast Microscopy
Scanning Transmission Ion Microscopy
Secondary Electron Microscopy
Transmission and Reflection Light Microscopy and Photomicrography.

MV8000 and two PDP11/40 computers provide:
Total Quantitative Scanning Analysis and
3-Dimensional Graphics.

Clean Room Facilities for Specimen Handling.

Areas of Application to date

Geology and Mineralogy
Metallurgy and Materials Analysis
Semiconductors
Chemistry
Agriculture and Forestry
Botany and Biochemistry
Zoology and Genetics
Cytology and Haematology
Physiology

Microprobe Development

UHV microprobe components and assemblies are developed and narketed.
A second high resolution microprobe line under construction will

shortly be available for independent ion optics research and
development.

Other Facilities

The 5 MV Pelletron Accelerator is available for other applications.
The University also has facilities for ultra high resolution electron

microscopy, electron and X-ray diffraction and electron microprobe
studies jointly or separately available by arrangement.

Enquiries to

The Director, MARC: Dr G.J.F. Legge, Telephone: (03) 344 5433
School of Physics, Telex: AA 35185
University of Melbourne,
Parkville, Victoria, 3052.
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THE UNIVERSITY OF MELBOURNE

NAA Facilities - Department of Geology

2 GeLi solid state gamma-ray detectors (50-2000 kev)

1 planar LEPD solid state gamma-ray detector (10-150kev)

INal detector

1 low background beta-counter

(all with associated electronics e.g. ADC's McA's, spectroscopy
amplifiers, etc.)

8 fully serviced radiochemical fume cupboards

Contact: Dr. R.R. Keays
Department of Geology
University of Melbourne,
PARKVILLE 3032

Telephone: 345 1844 (03)
Telex AA35185
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UNIVERSITY OF NEWCASTLE - Department of Physics

IQOkV Accelerator - 2 beam lines mass analysed.

- beam line A medium energy ion scattering
- beam line B recoil implantation target chamber equipped with SIMS

for depth profiling.
- can be used for direct ion implantation.

2 x Low Energy Ion Scattering

- + ve and -ve energy analysis.
- angle resolving goniometer
- 5 kV ion gun

- target manipulator
- heating and cooling stages + 2 degrees rotational freedom

Auger Microprobe Spectrometer

- 3 u beam spot

Contact: Prof. R.J.MacDonald
Department of Physics
University of Newcastle
NEWCASTLE 2308

Telephone: (049) 685- 235
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University of New South Wales - Department of Physics

Facilities Available

1 x Cockroft Walton 1 MeV

1 x 200 kev fine beam ion implanter

1 x 100 kev heavy current ion implanter.

Contact: Assoc. Prof. J. Kelly
Department of Physics,
University of New South Wales
P.O. Box 1,
KENSINGTON 2033

Telephone: (02) 697 2222

UNIVERSITY OF TASMANIA,

Department of Agricultural Science

Packard Prias Tricarb Liquid Scintillation Counter

Nuclear Enterprises Sealer Spectrometer NE5013

CPN503 DR Neutron Hydroprobe

Central Science Laboratory
Gamma ray counting equipment for thermal NAA

Contact: Dr.J.A.Beattie
Department of Agricultural Science,
University of Tasmania,
Box 252C,
HOBART TASMANIA

Telephone: (002) 202101

Telex 58150 UNITAS
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Queensland Institute of Technology - Physics Department

Kaman Neutron Generator

Maximum output of 10" neutrons per second with a maximum energy of 14 MeV.

Contact: Mr. B.M.O'Leary, Telephone: (07) 223 2273
Queensland Institute of Technology
G.P.O. Box 2434,
BRISBANE 4001
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RMIT MICROELECTRONICS TECHNOLOGY CENTRE,
APPLIED PHYSICS DEPARTMENT, and COMMUNICATION and

ELECTRONIC E N G I N E E R I N G DEPARTMENT

Ion Beam Facilities and Contacts

(1) 1MV Tandetron accelerator:

Under normal operation provides 600keV to 3MeV He snd He + ions at beam
currents (on target) up to 400nA.

. Routine Rutherford backscattering and channeling analysis : various
goniometers and manipulators are available.

Helium-induced X-ray analysis can be performed using Si-Li and Ge-Li
detectors.

. Analyses available on request.

Contact person : Mr Robert Short (03) 660 2692.

(2) Sputter Profiling Using Auger Electron Spectroscopy:

Routine sputter profiling can be performed on most targets under UHV
conditions using Auger Electron Spectroscopy. Automatic data analysis
facilities are available providing a direct readout of elemental
composition vs. depth.

Analyses available on request.

Contact person : Mr David Castles or Mr Peter Paterson (03) 660 2136.

(3) Ion Implantation:

Two ion implanters are available for implanting most elemental species.
Energy range 10-200keV. Odd shaped samples or components can be treated.

Service work available on request.

Contact person : Mr Rodney Bartlett (03) 660 2386.
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SWINBURNE INSTITUTE OF TECHNOLOGY

A range of detectors and instrumentation is maintained essentially for
teaching purposes, but the main research equipment comprises -

1. HPGe detector (14% efficiency) with cryostat

2. Ortec Model 7450 MCA (2 Off)

3. IBM PC XT

4. Ortec "Geligam" Software

5. 1 tonne low-background lead shield.

6. HP 7475A digital plotter

7. National VP6432A analog recorder

8. HP 1722B oscilloscope

9. Cf-252 neutron house

Contact: Mr.E.D.McKenzie
Swinburne Institute of Technology,
Department of Physics
HAWTHORN VICTORIA 3122

WESTERN AUSTRALIAN INSTITUTE OF TECHNOLOGY

1. Liquid Scintillation Counting Systems

2. Gamma Spectrometry Systems

3. Radon Emmanation Rig

4. 2MV Accelerator and associated scattering chamber
- low flux neutron facilities.

Contact: Western Australian Institute of Technology,
Department of Physics,
Hayman Road,
SOUTH BENTLEY W.A. 6102

Telephone: (09) 68 1931


