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Abstract

In this thesis the potential of using scanning instrumentation coupled to focussed
lasers to measure luminescence from single grains was explored. An original concept
was used to build an instrument capable of conducting single grain measurements.
The thesis focusses on the evaluation of this instrument through experiments using F1

feldspar which were subsequently reinforced by numerical modelling.

Development of the scanning instrument was initially prompted through
measurements on samples from the NE Thailand “cover sands™ for which competing
aeolian and bioturbation origins have been proposed. In the case of aeolian deposition
the doses found within the grains should be relatively homogeneous. If mixing has
occurred within the layer then there is likely to be a large grain to grain variation in
stored dose at some depths. In problems of this nature single grain luminescence

analysis should be capable of identifying which of these models is more appropriate.

Initial experiments produced images of F1 feldspar grains on conventional discs
revealing that the IR laser, which was widely used for the single grain measurements,
operated with a visible spot size of around 100 pm. This spot size was small enough
to produce meaningful images and individual grains could be imaged if they were
separated widely enough. A single scan was found to remove the bulk of the
measurable signal from the grains. It was also shown that the system had the potential

to measure doses as small as 2 Grays.

Further investigations were conducted on the effect of scattered light within the
sample chamber. Numerical modelling showed this effect should result in an initial
peak in the results as well as a gradient throughout the measurement. This effect was
observed in some results. Numerical modelling also showed that on more sparsely
covered discs the effect of laser scatter would not be as marked. Attempts were made,
using several different approaches, to reduce the effect of this scatter when measuring
evenly covered discs. Although it was not possible to reduce the effect of such scatter
it was found that presenting the grains in pits within the discs appeared to eliminate
the problem.



Finally, measurements on evenly covered discs of irradiated and unirradiated feldspar
blends of known concentration tested the potential of the system for measuring
samples of mixed grains with different luminescence characteristics. The results
produced by these analyses were found to be consistent with those produced by

numerical modelling.

To conclude, results using F1 feldspar suggest that the performance of the system is
sufficient to determine whether mixing has occurred. Improvements are suggested
which would further refine the instrument to allow the detection of mixing in samples

from natural environments.
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Chapter 1: Introduction

The problem of determining the origin of the cover sands of North East Thailand
initially prompted this investigation into the feasibility of single grain luminescence
dating. A conspicuous feature of the surficial geology of continental and insular
Southeast Asia is a surface mantle or cover layer of generally sandy material which
may be up to 5 m or more in thickness (Sanderson et al., 2000). The layer is reported
to be extensively distributed throughout the region, including throughout Vietnam and
Cambodia, in NE and N Thailand, from the uplands of Malaysia and Myanmar, and
even from the Punjab in India (Hoang Ngoc Ky, 1989, 1994). Over the last decade,
the characteristics and genesis of the cover layer, particularly in Vietnam and NE
Thailand, have received significant attention in the local Quaternary geological
literature, being generally interpreted as an aeolian (loess-like) mantle of Late
Pleistocene to Holocene age. The cover layer has most recently been interpreted as a
Late Tertiary "biomantle", emplaced as a result of termite activity and subsequent
degradation of termite mounds (Loffler and Kubiniok, 1991, 1996). It has been
argued (Sibrava, 1993) that the age and mode of emplacement of the cover layer is a
significant issue as it has far ranging implications for the origin of loessic sediments
across the entire region. For this reason, it is important that the origin of the cover

layer is clarified.

One method of analysis which could be applied to this type of problem is
luminescence dating. Luminescence analysis involves estimating the cumulative

radioactive dose received by a sample in its natural environment by measuring the



amount of light emitted by the sample when subjected to heat (thermoluminescence)
or light (optically stimulated luminescence). The amount of light emitted is related to
the number of electrons trapped in lattice defects within the material (usually quartz or
feldspar) which is in turn related to the amount of radiation received by the material in
its natural environment. The Thai cover sands contain quartz and are ideally suited to

luminescence analysis, responding well to optical stimulation (Houston, 1999).

Dose profiles produced using thermoluminescence (TL) and optically stimulated
luminescence dating (OSL) on bulk samples from the same section of the sediment
(Figures 1.1 and 1.2) suggest two possible explanations for the origin of the cover
layer. The increasing dose with depth is consistent with aeolian origin, although
Sanderson et al. (2000) suggests there may be heterogeneity near to the surface. An
alternative explanation is that the dose levels are a result of gross heterogeneity
throughout the sediment which has an increased effect closer to the surface. In the
case of aeolian deposition the doses found within the grains should be relatively
homogeneous. If mixing has occurred within the layer then there is likely to be a
large grain to grain variation in stored dose at some depths. In principle, single grain
measurements could quantify the heterogeneity throughout the layer and help identify
which of these models is more appropriate. Single grain luminescence analysis
should be capable of determining whether distinct populations of grains with varying
dose histories are present. For this reason the development of a single grain

instrument capable of dose quantification is now timely.
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Figure 1.1: TL dose profile from Thai Figure 1.2: OSL dose profile from Thai

quartz quartz

The aims of this project are to use an original concept to build an instrument capable
of conducting single grain measurements and to assess the feasibility of using the
instrument to solve problems such as the origin of the Thai cover sands. After
construction, the performance of the system is evaluated and its usefulness in

analysing samples from natural environments is assessed.

The following chapter outlines the principles behind luminescence analysis and
describes existing approaches to single grain measurements. In chapter three the
design and use of the instrumentation used to conduct both bulk and single grain
measurements is described. In chapter four preliminary results obtained using the
single grain reader are presented. The efficiency with which the available signal is

measured and the minimum dose measurable using the system is determined. In



chapter five numerical modelling is used to predict and identify the effects of laser
scatter and methods of reducing this scatter are investigated. In chapter six irradiated
and unirradiated grains are mixed in known concentrations and analysed and the
results are compared with predictions from numerical modelling. The implications of
these results, the potential for further research and the conclusions which were reached

are discussed in chapters seven and eight.



Chapter 2: Background

2.1 Principles of luminescence

When radiation is incident on a material some of the radiation may be absorbed and
re-emitted as light of a different wavelength. This is the process known as
luminescence. = A useful way of illustrating the mechanism underlying this
phenomenon is the energy level diagram (Figure 2.1). The luminescence model
originally proposed by Jablonski (1935) requires metastable bands within the
“forbidden” energy gap between the ground and excited energy states. An electron
excited from the ground state to the excited state can become trapped in the
metastable level. In this way the “memory” of the accumulated exposure to nuclear
radiation is carried by trapped electrons (or other charge carriers). As the material is
heated (as in thermoluminescence), these electrons can be released from their traps by
vibrations within the lattice or, alternatively, the absorption of a photon of light (as in
optically stimulated luminescence). Recombination with certain centres, which are
known as “luminescence centres”, leads to the emission of light. The amount of light
emitted depends upon the number of trapped electrons, which, in turn, depends upon

the previous exposure to radiation (also known as the stored dose).
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Figure 2.1: Transition between energy bands resulting in luminescence

Optically stimulated luminescence (OSL) dating was developed in order to provide an
improved method of dating sediments (Huntley et al., 1985). The principles behind
optical dating are similar to those involved in thermoluminescence (TL) dating and
rely on the fact that when subjected to light, quartz or feldspar grains may emit a
small quantity of light. The amount of light emitted can be used to determine the time

since the grains were subjected to a “zeroing event”.

Quartz and feldspar are the minerals which are most frequently used in luminescence
dating. Quartz is one of the most commonly chosen materials for luminescence
dating as it is one of the most abundant minerals found on the earth’s surface and it is

relatively uncommon to find sedimentary deposits that do not contain a quartz fraction



(Aitken, 1998). Quartz emits most strongly at 365 nm, in the near UV. OSL emission
was first observed using green laser light at 514 nm by Huntley et al. (1985). Quartz
does not respond to infrared stimulation but is sensitive to stimulation by blue or

green light. Figure 2.2 shows a typical OSL decay curve.
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Figure 2.2: Quartz OSL decay curve

The sensitivity of feldspar to stimulation by infrared light was first noticed by Hutt et
al., (1988). The excitation spectrum of F1 feldspar contains three main excitation

regions, at 500-540 nm, 550-650 nm and 800-1000 nm (Figure 2.3).
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Figure 2.3: Excitation spectrum of F1 feldspar (from Clark and Sanderson, 1994)

A model which accounts for this is described by Clark and Sanderson (1994) and this
model suggests that the excitation spectrum is generated by at least two traps (Figure
2.4). One of these traps has a ground state which can be evicted directly to the
conduction band by 500 nm photons, and two excited states which can be reached by
625 and 910 nm photons. This trap generates the 550-650 nm and 500-540 nm
components of the excitation spectrum. The other trap contributes to the 500-540 nm
component in the spectrum. As well as infrared stimulation feldspar also responds to

stimulation using blue or green light. Figure 2.5 shows a typical OSL decay curve.
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2.2 Luminescence dating

Luminescence dating involves the estimation of a sample’s stored dose (the amount of
energy absorbed per unit mass due to incident radiation) by measuring the amount of
light emitted by the sample when subjected to heat or light. Electrons which have
been ionised from their parent nuclei in the host lattice by radiation and have become
trapped within defects, which are known as “traps”, carry the “memory” of
accumulated exposure to nuclear radiation. If the amount of radiation received by the
sample per year can be measured then it is possible to produce an estimate for the
time since the sample experienced the last “zeroing event”. This is commonly
referred to as the “age” of the sample. For this method to be accurate an efficient
zeroing event which removes all trapped electrons and restores them to their ground
states is required. The zeroing event can occur as a result of the “bleaching” of
sediments by sunlight prior to deposition or, in the case of fired materials, by heating.
In this way the time elapsed since the deposition of sediment or since the firing of

pottery can be determined, if the dose rate is known.

Stored dose can be measured using either the additive or regenerative methods. The
additive method involves giving different doses to several samples and extrapolating
to obtain the value for the natural stored dose (Aitken, 1998). The regenerative
method involves only a single sample which is repeatedly dosed and analysed to
construct a master curve as described by Murray and Roberts (1997) from which the
natural dose within a sample is determined by interpolation (Figure 2.6). Care should

always be taken to prevent, or compensate for, variations in response due to

10



sensitivity changes within the samples during the measurement or irradiation cycles.
In the regenerative method the effects of any sensitivity changes should be minimised
as each result is normalised with respect to a small test dose (Murray and Roberts,
1997). Regenerative OSL determinations involve using an OSL test dose to monitor
sensitivity changes while samples are subjected to different cycles of heating,
measurement, bleaching and irradiation. All signals are normalised to the response
from the test dose and stored doses are determined by interpolating the natural
luminescence intensity onto the resultant regenerative OSL dose response plot

(Murray and Roberts, 1997).

18

@
€
3
O
O
-
w0
@)

0 T T T T

0 200 400 600 800 1000

Dose/Gy

Figure 2.6: OSL dose response plot produced using regenerative method
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Mineralogical heterogeneity may also present problems (Huntley and Berger, 1995)
and for this reason samples are sieved and separated by density to provide samples

which are as homogeneous as possible.

To produce accurate estimates of stored dose a detectable luminescence signal is
required. A knowledge of the dose levels that the sample has been subjected to in its
natural environment is also required and this is usually derived from measurements
taken during sample collection together with laboratory measurements of the internal
concentrations of U, Th and K (Aitken, 1985). This information is vital if estimates of
stored dose are to be used to produce age estimates. A reproducible dose response is
also required and although it is very difficult to say how well laboratory dose imitates
natural dose, the response of a sample to laboratory dose should at least be consistent.
This means the signal from the sample must be stable with time and the nature of the
sample itself must not change with repeated heating and measurement. Most
importantly, a distinct event that zeroes any pre-existing luminescence is required.
Sediment samples must be adequately bleached at the time of deposition and the
comparison between the TL and OSL results may show whether adequate bleaching
has taken place given that OSL is more rapidly and easily bleached than TL (Godfrey-

Smith et al., 1988).

The bleaching of quartz shows a strong wavelength dependence. The bleaching
efficiency decreases by a factor of 10 between 400 and 500 nm and by 50 between

500 and 600 nm (Spooner, 1994). This is significant for subaqueous samples as the

12



green part of the spectrum becomes dominant when sunlight is attenuated by water
(Berger, 1990). This means that quartz which is transported underwater is unlikely to

be well bleached.

There is also a wavelength dependence in the bleaching of feldspar. As is the case
with quartz, short wavelength light is most effective at bleaching the OSL signal.
However, there is also an infrared resonance centred on 850 nm which will
significantly contribute to bleaching (Clark et al., 1994). For this reason long
wavelength light will make a significant contribution to bleaching and this must be

taken into account when providing illumination during sample preparation.
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2.3 Heterogeneous bleaching

The principal advantage that optical dating has over thermoluminescence dating is
that in the former any residual signal due to incomplete bleaching is at least an order
of magnitude lower (Rhodes, 1990). In using the TL method it is often necessary to
consider the possibility that not all TL was removed during bleaching at the time of
deposition. In OSL this does not present as great a problem, as the OSL is associated

with traps which are generally easy to bleach (Smith et al., 1986).

Conventional bulk luminescence measurements require samples which have a
homogeneous stored dose, a requirement that is not always satisfied. In some
systems, where mixing and/or inadequate bleaching of the sediment has occurred, the
sample may contain incompletely bleached grains. In situations where material has
not been well bleached prior to deposition it may be necessary to distinguish between
stored doses which have been accumulated prior to and after deposition. Fluvially
deposited material is unlikely to be completely bleached since water strongly
attenuates sunlight as shown by Berger (1990). In this case single grain
measurements may provide an improved technique for accurately dating sediment.
Post depositional processes that expose some of the sediments to light, such as
bioturbation processes that bring sediments to the surface, may also result in
heterogeneously bleached materials. In situations where mixing or partial bleaching
has occurred, single grain measurements are ideally suited to separating two or more

populations of grains which have different luminescence characteristics.
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2.4 Single grain analysis

Early single grain measurements were conducted to investigate the possibility of
grain-to-grain variation in luminescence response. The results showed that even in
apparently homogeneous samples the luminescence response from individual grains
was not identical. Recently, as the use of automatic readers has become more
widespread, it is now possible to apply single grain analysis to samples in which
mixing or partial bleaching has occurred in an attempt to identify the processes

involved or to produce more accurate dates.

Several techniques, which are all variations on two basic ideas, have been used to
measure both OSL and TL from single grains. One approach is to measure all grains
simultaneously using a detector capable of spatial resolution on the single grain scale
so that the signals from individual grains can be identified. The second approach

measures the luminescence of individual grains.
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2.4.1 Simultaneous multi-grain measurement techniques

Solid state imaging photon detectors have been used to measure OSL from single
grains (Duller, 1997) although the sensitivity of these detectors is not as high as that of
photomultiplier tubes. This approach has been used to detect zoning within zircon

grains using an image intensifier (Templer and Walton, 1983).

Imaging photon detectors have been used to investigate the relationship between the
physical properties and response of individual grains (McFee and Tite, 1994; McFee
1998). It was found that 5% of quartz grains were responsible for more than 20% of
the luminescence signal. However, no correspondence could be found between the
signal and grain characteristics such as volume, angularity, sphericity or transparency.
It was assumed that most grain-to-grain variation in luminescence characteristics was
due to differences in the populations of traps and luminescence centres. The
populations of traps and luminescence centres are determined by differences in the
concentrations of elemental impurities or lattice defects within the grains, but as the
concentrations of these traps are at the level of parts per million, it is unlikely that
their concentrations can be accurately determined. It is possible that feldspar
inclusions have an effect on the signal from quartz grains but no evidence was found

for this in McFee and Tite’s (1994) study.

The advantage of using an imaging photon detector is that the grains do not have to be

hand picked, which reduces the amount of time that the grains have to spend under

16



red light, resulting in less signal degradation. However, the detection equipment
required to conduct these measurements is relatively expensive when compared to
other single grain approaches and the sensitivity of imaging photon detectors is not as
great as that of photomultiplier tubes. Photomultiplier tubes detecting one grain at a
time utilise a far greater detection area and the high rate of charge release resulting

from focussed stimulation leads to a high signal to background ratio.
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2.4.2 Single grain measurement techniques

Single grain measurements have also been carried out by measuring the luminescence
of individual grains. This is done by selecting grains by hand and measuring them
individually and through the use of specially constructed or adapted single grain

readers.

Benko (1983) conducted thermoluminescence measurements on individual quartz
grains in an attempt to establish a relationship between the signal, grain size and
appearance. Grains were separated on the basis of their appearance (clear or frosty).
Although no relationship was found between the signal from the grains and their
appearance, these experiments established that it was possible to measure the signal

from individual grains.

Grun et al. (1989) conducted single grain measurements on feldspars, finding that 5%
of the grains produced 5-10 times the intensities of the majority of grains. Berger
(1994) suggested that although the TL properties of individual grains are highly
variable there are likely to be regional consistencies, and recommended that the micro-
properties of samples from various regions should be characterised. This information
could be used to form a database which may help in the choice of sample pre-heat

procedures and measurement techniques.

18



More recently several groups have used the approach of measuring individual grains
using automatic readers. Single grain measurements have been conducted using a
Daybreak 1100 automatic reader (Lamothe et al., 1994; Lamothe, 1996; Lamothe and
Auclair, 1999). The variation in the measured stored doses was attributed to the

variability of bleaching during transport as well as fading.

An alternative is to use commercially available automatic OSL/TL readers, such as the
Risg TL/OSL-DA-15 reader, which is widely used to conduct bulk luminescence
measurements for dating work. By using one grain per disc the Risg reader can carry
out single grain measurements on up to 48 discs and can conduct TL measurements as
well as OSL measurements using blue LEDs or a red laser. The reader also
incorporates a radioactive source to irradiate samples between measurements. Murray
and Roberts (1997) carried out single grain measurements using this equipment. Their
analyses of sediment from Southern Australia showed a wide range of stored doses
which they attributed to heterogeneity in beta dosimetry, and also identified a peak in
the dose distribution which they suggested may be due to bioturbation. Roberts et al.
(1998) applied similar measurements to the optical dating of sediment from the
Jinmium rock shelter in Northern Australia. These measurements successfully
showed that some deposits were considerably younger than first thought and brought
the luminescence dates into agreement with radiocarbon dates. Although impossible
using conventional optical dating techniques, the single grain measurements
successfully identified grains which had not been fully “zeroed” (bleached) prior to

burial and, by excluding these, improved the dating accuracy.
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Risg readers currently have no specific single grain capability. However, the recent
interest in single grain measurements has led the Rise laboratory in Denmark to
convert one of their instruments to conduct single grain measurements using a green
laser. The disc is held in a fixed position while the laser is directed onto each grain in
turn. The laser scans a matrix of 81 pits (each containing one grain) on each disc
which results in a large throughput. However, the close proximity of the grains to
each other means the measurement of each grain also affects neighbouring grains.
This “cross talk” reduces the accuracy of results and limits the effectiveness of the
system. Also, as the grains are presented within a matrix of pits on the discs there is
no possibility of imaging individual grains. Spatial resolution is lost as the laser light

reflects around each pit. Also, the reader has no way to conduct TL on single grains.

It is clear that the present approaches to single grain measurement have produced
valuable results and, using automated readers, it has been possible to apply single
grain techniques to mixed populations to address the problems presented by
heterogeneous dose distributions. However, none of the available approaches is
perfect. An imaging photon detector would image grains quickly but does not have a
high sensitivity and is expensive relative to alternative approaches. Existing
automatic readers may provide data on the distribution of stored doses within the
samples but no existing system can easily change the type of laser used for stimulation
and no system has ever been built which uses a red laser, allowing for the
measurement of feldspar. For these reasons a reader was constructed using an entirely
different approach. The construction of this reader used a conceptually simple and

versatile design which would accommodate all of the features necessary to analyse
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samples from mixed systems. In the next chapter the design and operation of this

reader is discussed.
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Chapter 3: Instrumentation

This single grain system is a prototype and is being used to conduct exploratory
measurements to test and refine the procedures for making single grain measurements.
The apparatus used in this project already existed at SUERC although alterations were

made and new control programs were written.

Most measurements to date have been made using an infrared RLD-83N30 laser diode
with an operating power of 20 mW, a wavelength of 830 nm and a spot size of 25 pm
at 25 mm (Figure 3.1). Some measurements were also carried out using green and
blue lasers (Figure 3.2). The green laser used was a LCM-LL-O1CCS250 frequency
doubled Nd:YAG laser operating at 532 nm with a power of 0.3 mW and a beam
diameter of less than 2 mm. The blue laser was a LCM-F-6M frequency doubled
Nd:YAG laser operating at 473 nm with a power of 3 mW with a beam diameter of

less than 0.8 mm.
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Laser Diode : Point Source - 830 nm 20 mW 20 micron spot at 25.4 mm
XY stage : Time & Precision, 2.5 micron step (1.25 micron half step)

9883QB PMT
HVALV
" Photon Counter
Filters
IR Laser J

Diode Module Laser power supply
& modulation control

Sample Chamber
é} xy stepper motor Computer

xy stage [E control

Figure 3.1: Schematic of single grain system

The single grain system is based on an x-y stage (Figure 3.1). The stage is moved
under computer control using a TURBO BASIC program written at SUERC. The two
motor-driven slides which move the stage have a resolution of 2.5 pm and the motors
are controlled using pulses from a control board. A 9883QB photo multiplier tube is
used in the system and is filtered using a 5 mm Schott UG11 light filter. This
prevents scattered laser light from entering the photomultiplier tube. This
arrangement is also suitable for use with blue or green lasers. For red laser light
BG39 filters would be more appropriate as they allow detection in the blue region of

the spectrum.
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Blue Laser : 1 mW 473 nm frequency doubled Nd:YAG CW laser
Green Laser : 5 mW 532 nm frequency doubled Nd:YAG CW laser
XY stage : Time & Precision, 2.5 ym step, 10 cm reach

]

PMT Laser power supply

Filters

HVAV
Photon Counter

Sample Chamber

_— gnstt:)‘l’per motor xy stage E

Computer

Figure 3.2: Schematic of blue/green laser system

The disc is mounted on a holder on the slides within the sample chamber. A small,
fixed laser spot is directed onto the sample which is moved so that the sample
“rasters” underneath the laser beam (Figure 3.3). The laser is held within a custom
made collar which can accommodate several different lasers. The instrument can scan
in two different ways. Scanning can be conducted by continuous laser operation,
stepping across the entire disc and pausing after each step to record counts. This
approach is appropriate where grains are scattered across the entire surface of the disc.
If the grains are contained in pits within the disc the laser could be directed to each

position on the disc before scanning.
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Figure 3.3: Example of raster pattern used by instrument

The fact that the sample moves instead of the laser beam allows for high precision in
the positioning of the sample. The slides which move the sample have a resolution of
2.5 um. This compares with the Risg single grain system which has a resolution of
50-100 pum (Duller et al.,, 1999). The increased resolution achievable with the
instrument under development at SUERC should result in a significant advantage over
the Risg system which also has no imaging capability. The Risg instrument does not
require high resolution as it does not attempt to produce images and the only
requirement is that the laser beam enters the 300 pm pit. The Risg system has a
higher throughput compared to this instrument, although an improved single grain
system using discs larger than the 10 mm discs which are currently used would

address this problem.
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Although a system based on an imaging photon detector would be able to make
measurements quickly, as all grains would be measured simultaneously, imaging
photon detectors are expensive and have much lower sensitivity than a
photomultiplier tube in combination with high power stimulation. The x-y stage is

relatively inexpensive and easy to use.

The instrument under development is intended to provide a highly adaptable research
tool which is capable of conducting routine single grain measurements. In particular,
it is hoped that the instrument will ultimately prove suitable for conducting single

grain measurements on samples from the cover sands of North East Thailand.

The next chapter describes the initial measurements which were carried out to assess

the performance of the instrument.
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Chapter 4: Initial experiments

4.1 Experimental procedure

The necessary first step in developing a single grain instrument, which can ultimately
be used for samples from environments where mixing or partial bleaching has
occurred, is to evaluate the performance of the instrument using a standard material
containing known doses. The instrument must first be capable of producing clear,
reproducible results from standard material containing large doses before it can be
used to measure the small doses which are accumulated in the natural environment. A
standard material, International Atomic Energy Agency (IAEA) F1 feldspar, was used
to test and characterise the imaging equipment. This standard material is used for
calibration because of its strong luminescence response and reproducible behaviour
(Clark and Sanderson, 1994, Spencer, 1996, Sanderson and Clark, 1994). Most
measurements were conducted using the IR diode laser as feldspar responds well to

stimulation in the infrared and this system was available at the start of the study.

The feldspar was dispensed onto 0.25 mm thick, 10 mm diameter, stainless steel discs
sprayed with Electrolube SCO200D silicone grease. Most measurements were carried
out using feldspar already containing a stored dose of 1 kGy, administered over a year
before any measurements were carried out. Any further irradiation of samples was
carried out using a **Sr beta source at a rate of 33.3 Gy/min. After irradiation samples
were preheated to 160°C for several minutes to remove the effects of
phosphorescence. High doses were used to ensure that the luminescence signal was

well above the minimum detection limits of the instrument so that unambiguous
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results could be obtained. It is unlikely, of course, that stored doses of this magnitude
would be accumulated in the natural environment. But, as already stated, instrumental
development requires large luminescence signals which can only be obtained using

large stored doses.

A key issue when considering the method of measurement is alignment. The ease
with which multiple images of the same sample can be compared is dependent upon
the reproducibility of disc positioning between measurements. Two 1 mm squares on
the sample holder (Figure 4.1) were used to align the laser spot. This provided a
method whereby the laser was aligned in relation to the disc which was placed in the
10 mm diameter circle drawn on the sample holder. The laser spot was aligned with
the square closest to the sample. With the laser in this position a scan over an area of

12 mm by 12 mm covers the entire sample.

Scanning was conducted in a raster pattern beginning from this position. During the
scan, the disc is moved under the laser beam, pausing to take one second
measurements at the end of each step. Various step sizes were used but 90 um steps
were used in most cases as this is comparable to the diameter of individual grains.
This produces around 18000 data points over a measurement area of 12 mm by 12

mm with measurement times in the order of five or six hours.
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Figure 4.1: Pattern used to align sample holder with laser

There are two possible modes in which scanning can be conducted, down counting
mode and up/down counting mode. In down counting mode the control board totals
all of the counts detected by the photomultiplier. In up/down counting mode the light
source is modulated and the measured counts are added together when the light source
is on and subtracted when the light source is off (Sanderson et al., 1995). In this way
the system is continually subtracting its own background. This mode requires a light
source which is precisely modulated. The existing control program for the x-y stage,
previously only capable of counting in up/down mode, was modified to allow down
counting as well as up/down counting. As a continuous light source was to be used

for several measurements it was necessary to use down counting mode.

The software was also modified to write an image to the screen during measurement
allowing the operator to view the image being constructed as the data were collected.
This image provides an early indication of whether the measurement is proceeding as
expected. As the measurements can take several hours, early identification of
unsuccessful measurements is valuable. The latest version of the program, SCAN4

(Appendix A), was used to conduct all measurements.
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Two methods have been used to analyse the results from the single grain system. An
existing TURBO BASIC program, Aerovga3, was initially used to produce 16-colour
images of the disc. Aerovga3 is a SUERC program originally used to analyse data
from aerial surveys. The program was easily adapted to analyse results from the

single grain instrument but is limited to a maximum of 16000 data points per analysis.

Sigmaplot 5.0 for Windows was also used to analyse the results, producing images
which can be rotated and viewed in 3 dimensions and can be shown using many
different colour schemes. The number of data points which can be analysed is limited
only by the processing time required by the program. This program is now used to
analyse all results as it is capable of analysing data sets containing more than 16000

data points and can present the results in a variety of formats.

Any single-grain system must be capable of detecting the signal from individual
grains and resolving small doses before it can be used to analyse samples from
environments where mixing or partial bleaching has occurred. The preliminary
measurements to evaluate the single grain system against these requirements are
described in the remainder of this chapter. Experiments were also carried out to
ensure that the system can quantify the dose within a sample. The problem of laser
scatter is investigated as this has limited previous single grain measurement systems
to using small numbers of grains within pits in the disc (Duller et al., 1999).
Particular consideration is given to the method of sample presentation which

minimises laser scatter during measurement. It is also important that mixtures of
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irradiated and unirradiated grains can be identified and so irradiated and unirradiated
F1 feldspar was mixed in known quantities and analysed. These experiments are

described in chapters five and six.
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4.2 Imaging

For some measurements it may be desirable that the single grain instrument should be
able to produce images of individual grains within samples. The resolution of the
system is limited by the laser spot size and so the size of the spot is determined using
a single grain of known dimension. A disc containing a sample with an easily
identifiable reference mark is also analysed to ensure that the system is capable of
resolving single grains within a large sample and producing a representative image of
the grains on the disc. This is important as in dose determination measurements
multiple scans of the same sample must be compared by matching individual grains
(or areas on the image) in one measurement with the same grains, (or areas) in later

measurements.

In order to determine the laser spot size, an easily identifiable grain containing a
stored dose of 1 kGy was placed on a disc and analysed using the IR laser and a step
size of 50 ym. By comparing the size of the image with the size of the grain it is
possible to set an upper limit on the effective size of the laser spot. The size of the
grain was measured using a microscope and a nylon mesh of known dimension. The
grain dimensions were 200 = 50 pm by 300 + 50 pym. The maximum extent of the
resultant image (Figures 4.2 and 4.3) is 270 £+ 50 um by 320 + 50 pm. The size of the
measured image should be equal to the size of the grain added to the size of the laser
spot and this suggests that the maximum effective spot size of the laser is 50-100 um.

This is broadly consistent with the specification of the diode. Moreover, as the grains
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the disc as they are too close together. However, where the grains are more widely
spaced, there are small peaks due to single grains. The outline of the disc itself is also
clearly visible in the top half of the image. The background count is high initially,
gradually decreasing during measurement. This may be due to laser light reflecting
within the chamber or the disc may have been tilted slightly. This effect is discussed

in more detail in chapter 5.

The system’s laser spot size, at 50-100 um, is sufficient to resolve single grains.
Imaging a sample of F1 feldspar showed that single grains can be resolved if they are
widely spaced. The next section investigates the efficiency with which the available
signal is measured. The minimum dose detectable using the system is also

determined.
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4.3 Bleaching

The accuracy of the results obtained with the single grain system and the range of
applications for which it is suitable are likely to be dependent upon the minimum dose
that can be detected by the system. In situations where mixing has occurred, doses of

around 0.5 Gy may have to be measured (Roberts et al., 1998).

An issue closely related to the sensitivity of the single grain instrument is bleaching
during measurement. If the sample is entirely bleached during measurement,
removing the entire available signal, then the sensitivity of the system will be

maximised. This is investigated by conducting multiple scans on the same samples.

The issue of bleaching during measurement is important for two reasons. Bleaching
would be required between measurements if the signal were not entirely removed
during measurement. It is also important that the sample is bleached during
measurement so that all of the available signal can be measured. Three experiments
were conducted to determine the extent of bleaching during measurement. In the first
experiment a small area on a disc was analysed before the entire disc was analysed.
In the following two experiments sparsely covered discs were analysed twice to show

the size of any remaining signal.
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Figure 2.5). For this reason it is likely that the signal from the grains cannot be

entirely removed.

Some results (Figures 4.9-4.12) show a signal at the edge of the disc in the top right of
the image. The disc has a raised rim around its edge and it is likely that the laser light
has reflected off this raised edge to stimulate the grains in the middle of the disc. This

effect is examined more thoroughly in chapter 5.

In the next section the minimum detectable dose is determined by examining the

background of the system and the measured response from several known doses.
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Figure 4.21: Histogram showing background signal of single grain instrument

Signals which are more than three standard deviations larger than the background
signal can be considered as clear results (with a certainty of 99.7%). For this reason
signals above 165 counts per second can be distinguished from background and are
measurable. The average count obtained from grains irradiated with 1200 Gy was
found to be approximately 30000. This corresponds to 25 counts Gy which means
165 counts per second, 45 counts per second above background, would correspond to
a dose of approximately 2 Gy. This means the single grain system is capable of
measuring doses as small as 2 Grays from materials which are at least as responsive as
F1 feldspar. To accurately analyse samples from natural environments where mixing
or partial bleaching has occurred it may be necessary to measure doses of around 0.5
Gy (Roberts et al., 1998). This suggests that the system may not be ready to analyse

natural samples without further improvement or modification.
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Modulation of the laser would improve the performance of the system. By switching
the laser on and off at a known frequency and ensuring that the photon counting is
switched at the same time then the system could operate with a greatly reduced
background count. This technique has already been developed at SUERC (Sanderson
et al., 1995). By subtracting the counts measured while the laser is off and adding the
counts while the laser is on the system is effectively subtracting its own background
several times a second. It may also be possible to improve the sensitivity of the
system by reducing the duration of each measurement to less than one second. If
most of the available signal could be removed in a much shorter time then the signal
to background ratio would be increased and the sensitivity of the system would be

improved.

Before natural samples can be measured using the single grain system further
experiments must be conducted using the single grain system to characterise, and
improve, its performance. By addressing the problem of laser scatter during

measurement it should be possible to improve the performance of the instrument.
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Chapter 5: Effect of laser scatter

One solution to the problem of laser scatter, where the laser light which stimulates
grains is scattered into other grains by external and internal reflection and refraction in
grains that are being directly illuminated/stimulated, is to place the grains in pits on
the discs (Duller et al, 1999). At present the single grain system constructed at
SUERC does not use this method of sample presentation, as this would remove the
imaging capability of the instrument and may result in longer sample preparation
times. By using pits in discs to present grains the number of grains on each disc is
reduced from approximately 10000 to around 100. A system which could avoid or
limit the effects of laser scatter when analysing evenly covered discs would have the
advantage of short sample preparation times as well as the ability to image individual

grains.

In this chapter the presence and nature of scatter is shown using a stationary laser spot
to bleach evenly covered discs. Laser scatter during measurement has been modelled
using a specially written computer program which predicts the effect scatter has on
the measured results. Various methods of sample presentation are considered in an

attempt to limit the effect of scatter.
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5.1 Bleaching of samples by stationary laser

The time taken to bleach individual grains is important as ideally they should be well
bleached within the one second that the laser illuminates each point. This would
ensure that the maximum possible signal was obtained from each grain (as discussed
earlier in section 4.3, pp 36). However, if scatter occurs a luminescence signal will
still be measured after the individual grain that is directly illuminated by the laser has
been entirely bleached. This will result in a slowly decreasing shine-down curve in
which the signal takes a very long time to reduce to background. Hence, the form of

bleaching can be used to identify whether scatter occurs.

In this section evenly and sparsely covered discs were bleached using a stationary
laser spot. Discs of F1 feldspar were bleached using an IR laser. The first
measurement was conducted using an evenly covered disc. Other measurements were
conducted using more sparsely covered discs as this should result in less scatter.
Measurements were also carried out using green and blue lasers on quartz and F1
feldspar. Blue and green lasers were also used in the experiments as one of the first
steps in broadening the capabilities of the system would be to add lasers of lower
wavelength. Feldspar responds well to infrared illumination (Hutt et al., 1988) but
quartz generally has a very poor response to stimulation by red or infra-red light
(Huntley et al., 1985) and so any measurements on quartz would require a blue or

green laser.
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The IR laser was directed onto a sample of 1 kGy irradiated F1 feldspar for several
seconds without the disc being moved. The resultant measurement forms the shine
down curve for the feldspar sample. The results (Figure 5.1) show that the signal
drops significantly during the first few seconds but does not drop to below 10% of its

initial value until after more than 600 seconds of measurement.

1e+6

1e+5 -

Counts

le+4 -

0 200 400 600 800 1000 1200 1400
Time/s

Figure 5.1: Bleaching of feldspar using IR laser
Three scans were conducted on more sparsely coated discs (Figures 5.2-5.4). The
signal is depleted more rapidly but is not reduced to the background level, typically

200 — 300 counts, even after several minutes of illumination. This may suggest that

the effect of scatter has been reduced, but is still significant.
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The bleaching results on feldspar and quartz using the blue laser (Figure 5.5 and 5.6)
show that scatter is also significant as the shine-down curves do not rapidly decrease
to background. During both quartz measurements a peak occurred in the shine down
curve at around 250 seconds. The experiment was repeated and the same peak was
again observed. The cause of this effect is unknown. The peak could not have been
caused by a change in the laser characteristics as the laser was allowed time to

stabilise before each measurement.
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Figure 5.5: Bleaching of feldspar using Figure 5.6: Bleaching of quartz using

blue laser blue laser

The results obtained using the green laser (Figure 5.7 and 5.8) on feldspar and quartz

also show that the bleaching of the sample has not been completed after several

minutes of measurement.
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Figure 5.7: Bleaching of feldspar using Figure 5.8: Bleaching of quartz using

green laser green laser

The intensity of the measured signal from feldspar was far smaller using the green and
blue lasers than when using the IR laser. This was unexpected, as feldspar should
respond more strongly to low wavelength stimulation. However, the experimental
set-up for the green and blue lasers was not ideal. The blue and green lasers were not
as highly focussed as the IR laser and so the stimulation was not as efficient. The
relative measurement capability of the green laser is shown by a scan of quartz
irradiated with 1 kGy (Figure 5.9). The result shows individual grains but the amount
of measured light is relatively low and is unlikely to be large enough to conduct

measurements at lower doses.
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From the results using IR, green and blue lasers shining on a single spot on the disc it
seems likely that light is scattered by grains across the surface of the disc. Of course,
it is also possible that laser light is scattered onto the disc from the walls of the

chamber.

In the next section scatter across the disc during measurement is modelled using a
specially written program. The results of this numerical modelling are used to
identify the effects of scatter in subsequent measurements. A number of scans were
also conducted under different conditions designed to quantify or eliminate the effect

of scatter.
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The effect of scatter is simulated by assuming that stimulation affects more than one
grain at a time. As one grain is stimulated the grains around it are affected to varying
degrees depending on their distance from the point of stimulation (Figure 5.13). By
default the program assumes that the laser removes 70% of the signal from the “grain”
being directly illuminated. Grains which are one step away have 60% of their signal
removed and this decreases by 10% with each step until grains which are seven steps
away are not affected. The depletion caused at each distance can be varied by the user

to simulate different scattering regimes.

The size and shape of the area affected during stimulation can be varied by the user
before running the program. The model assumes scatter involving the six nearest bins
in each direction. If the measurement area in the numerical model is compared to the
measurement area in the experimental results this would correspond to a distance of
around 1 mm in each direction. This would not affect the entire disc which has a
diameter of 10 mm and so this stimulation area may not represent the full extent of
the laser scatter. The relative effect of stimulation can also be varied with distance to
produce a large, uniform stimulation or one which decreases with distance. The type
of scattering is also varied within the program. The expanded stimulation area can be
effective throughout the measurement or can be set to appear only when the “laser” is
over a point which contains a “grain”, even if the grain contains no signal. In this way
two possible scattering mechanisms are simulated. Scattering can be assumed to
either occur at every point on the measurement area or only when grains are being

illuminated.
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5.2.2 Results

In this section numerical modelling is used to predict the results of laser scatter during
measurement.  Preliminary results using a one-dimensional array are presented.
Results are also generated using a two dimensional array assuming different scattering
mechanisms and varied stimulation areas. Results are produced assuming evenly

covered discs and more sparsely coated discs with five small areas of grains.

The result produced using a one-dimensional array (Figure 5.17) shows a decreasing
exponential. By expanding the model to include some areas which did not include
grains (i.e. setting the values in some bins to zero) the results begin to show troughs

(Figure 5.18).
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Figure 5.17: Initial results produced Figure 5.18: Results produced using one
using one dimensional model of laser dimensional model in combination with

scattering variable grain signal
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Figure 5.25 shows no peak before the laser spot is over any grains. This shows that
the peak at the start of the measurement shown in Figure 5.19 was caused by scatter in
the y direction. The measured signal decreases during measurement, indicating that
the same gradient observed in Figure 5.19 is present. If the x dimension of the beam
is reduced a peak (similar to the peak observed in Figure 5.19) is present (Figure
5.27). This shows the initial peak produced by the laser scatter is smaller if the x
dimension of the beam is reduced although the peak is still present. A gradient is
present through the results as was previously observed in Figures 5.19, 5.21, and 5.25.
The results from the more sparsely covered discs show again that the effect of scatter

is less significant than when evenly covered discs are used (Figures 5.26 and 5.28).

In the single grain instrument the laser beam illuminates the stimulation area from an
angle (as shown in Figure 5.10) and so it is likely that the laser spot will be elliptical
with a reduced x dimension. The results predict that the scatter due to a laser spot of
this type will produce a peak at the start of the measurement, before the laser spot is

shining directly onto any grains, and a gradient through the results (Figure 5.27).

Varying the degree and nature of the scatter around the laser spot has no significant
effect on the nature of the results (Figures 5.30-5.32). Reducing the degree of
depletion across the laser spot (Figure 5.29) reduces the size of the initial peak but
both the initial peak and the gradient through the results are present (Figure 5.30).
Results produced assuming uniform depletion across the laser spot (Figures 5.31 and

5.32) show an initial peak as well as a gradient through the results.
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If laser scatter is occurring within the chamber or across the surface of the disc a peak
should occur initially and a gradient should appear through the results. However, the
results show that there are two effects which indicate the presence of laser scatter: a
peak which appears initially before grains are directly illuminated and a gradient
through the results as the measured signal decreases with time. These occur even
when the laser scatter takes place over the relatively small scale that is considered
here. These two effects have already been observed in previous measurements
(Figures 4.8, 4.18). The results also show that the effect of scatter is not as significant

if discs are sparsely covered in grains.

The form of the observed scatter can now be investigated and compared to the results
from the model. The two features predicted by the model can be used to identify the
occurrence of laser scatter during measurement. In the next section various
approaches are employed in an attempt to reduce or eliminate the effect of laser
scatter and the presence or absence of the two features predicted by numerical

modelling is used to determine whether scattering has occurred.
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5.3 Experimental investigation into the effect of laser scatter

In this section attempts were made to reduce the effect of laser scatter during
measurement. The likelihood of laser light scattering from the walls of the chamber is
reduced by altering the chamber and the method of sample presentation is changed to
prevent grains scattering light across the surface of the disc. All experiments used 1

kGy irradiated feldspar which was scanned using the IR laser.

Visual inspection using a laser was used to confirm that scattering occurs. The effect
of laser scatter was also illustrated through the analysis of two evenly covered discs.
Methods of reducing this scatter were then investigated. The walls of the chamber
were covered in black opaque plastic to limit the effect of scatter due to laser light
reflecting around the chamber during measurement. The problem of scatter from the
disc surface was addressed by dispensing the feldspar grains onto a piece of glass
instead of a stainless steel disc and blackening the substrate. An attempt was made to
limit grain-to-grain scattering by using silicone grease to cover the grains after they
were dispensed. This method was tested as it does not compromise the throughput or
imaging capability of the system. Finally, grains were dispensed into pits within a
disc to limit grain-to-grain scatter. This method has been used in other single grain
instruments (Duller et al., 1999) but would decrease the throughput and remove the

imaging capability of the system being developed at SUERC.
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Metal discs covered in feldspar grains were examined using a 532 nm green laser to
assess evidence of reflection or refraction. The laser was directed onto the disc and
the reflected light was observed. While shining the laser onto the disc and visually
observing the reflected light, small points of light were visible within the reflected
laser light. These small, bright points of light were clearly the result of reflection or
refraction from individual grains and were visible at angles of 40° to 50° from the
plane of the disc. Even at distances of several centimetres these points were still
bright and well defined. These cannot be due to luminescence from grains as this
would be far too weak to be visible to the naked eye. These beams of scattered light
have implications for both scattering mechanisms. Multiple reflections scattering
within the chamber will result in signal degradation and the effect of these beams of
reflected laser light travelling across the surface of the disc and stimulating

neighbouring grains is likely to be significant.

The analysis of two evenly covered feldspar discs shows the effect of scattering
during measurement. Evenly covered discs were used as the results from numerical
modelling show that the analysis of evenly covered discs should result in more scatter
than the analysis of sparsely covered discs. Both images show an initial peak as well
as a gradient through the results (Figures 5.33 and 5.34). These features are consistent
with the predictions from numerical modelling and for this reason the presence of
these features is assumed to be a reliable indicator for the presence of scatter during

measurement.
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