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Abstract

Synchrotron radiation sources have proven to be highly beneficial in many fields of research for the characterization of materials. However,
only a very limited proportion of studies have been conducted by the forensic science community. This is an area in which the analytical
benefits provided by synchrotron sources could prove to be very important. This review summarises the applications found for synchrotron
radiation in a forensic trace evidence context as well as other areas of research that strive for similar analytical scrutiny and/or are applied to
similar sample materials. The benefits of synchrotron radiation are discussed in relation to common infrared, X-ray fluorescence, tomographic
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nd briefly, X-ray diffraction and scattering techniques. In addition, X-ray absorption fine structure analysis (incorporating XAN
XAFS) is highlighted as an area in which significant contributions into the characterization of materials can be obtained. The im
f increased spatial resolution on microheterogeneity are also considered and discussed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

This review describes the production of synchrotron radi-
tion, summarises the impact that synchrotron light sources
ave made upon forensic science, and indicates potential
pplications through citation of relevant examples from the
ider analytical chemistry field. The articles featured suggest

hat forensic science could benefit from the unique capa-
ilities synchrotron facilities promise for analysis of trace
aterial with greater spatial resolution, more rapid analysis
nd higher sensitivity.

Synchrotron radiation offers a superior light source for
any conventional ‘photon in’ techniques that could play
major role in trace evidence analysis. This would allow

reater sensitivity and analysis of much lower concentra-
ions and smaller samples than typically possible. As such,
ynchrotron sources are relevant to forensic science trace
vidence analysis when: conventional techniques fail due

∗ Corresponding author. Tel.: +61 8 8302 3495; fax: +61 8 8302 3683.
E-mail address:ivan.kempson@unisa.edu.au (I.M. Kempson).

to limits of detection; added scrutiny and discriminatio
required such as in high profile cases; to perform funda
tal research into ‘evidence material science’. Demonstra
of superior sensitivity and resolving power are presented
that portray the benefits of synchrotron sources in fields
as materials research. In addition, areas of current f
sic research are identified where application of synchro
radiation could greatly assist interpretation, for example
composition and structure of gunshot residues and id
fying other discriminatory vibrational bands in paints a
fibres.

Increasing analytical sensitivity gives rise to an ab
to study smaller samples or volumes/areas within a s
men. Following from this however, is the emergence of a
tional instrumental and analytical complexities. Although
instrumental implications are beyond the focus of this rev
some of the considerations for deriving analytical con
sions will be discussed. For example, one area of prim
concern is the limit of heterogeneity in a sample and the p
at which microscopic samples cease to be representat
the original source, i.e. the impact of microheterogen
039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2005.05.026
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This is an area of active research which has particular rel-
evance to forensic analysis and for which synchrotrons are
ideally suited.

2. Synchrotron radiation

Synchrotron radiation is emitted by charged particles trav-
elling in curved trajectories at relativistic speeds (near the
speed of light). This process is exploited in a synchrotron
facility, a purpose-built machine that hosts an energetic beam
of electrons or positrons in a closed loop (the remainder of this
section will refer only to electron beams). The heart of a syn-
chrotron is the storage ring that confines the beam in vacuum
around a polygonal course with magnets bending the beam
around each apex of the ring (seeFig. 1). Radiation is emitted
in a direction tangential to the electron trajectory with a high
degree of collimation. The ring is “injected” with electrons
either periodically or continuously from a booster ring at the
appropriate energy, which is in turn fed by a linear accelera-
tor. The electromagnetic radiation that is emitted at each bend
covers a broad range of the spectrum from the infrared region
through visible, ultraviolet, X-rays to gamma rays. The radia-
tion is accessed via beamlines that include optics for focusing
and monochromation (wavelength selection), and the exper-
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strength are chosen correctly, constructive interference may
be exploited and a pseudo-monochromatic radiation beam of
even higher brightness and laser-like properties may be pro-
duced. Insertion devices of this type are termed “undulators”.

The combination of storage ring energy, insertion devices
and beamline optics allows the characteristics and properties
of synchrotron radiation to be varied and controlled. These
properties include:

• Brightness (i.e. flux per unit area). The brightness of the
photon beam can be several orders of magnitude greater
than any conventional laboratory source (Fig. 2). This
unparalleled intensity enables extremely rapid measure-
ments to be made. Furthermore, with use of appropriate
beamline optics, samples and features as small as a few
tens of nanometers may be probed efficiently in experi-
ments utilising short-wavelength radiation such as X-ray
fluorescence, photoemission and absorption spectroscopic
techniques, imaging and X-ray diffraction.

• Tunability. Discrete wavelengths at extremely high resolv-
ing power (E/�E) can be selected using appropriate
monochromators (gratings, crystals) on the experimental
beamline. This is extremely powerful as it allows a whole
unique class of measurements to be performed; namely X-

Fig. 2. Comparative on-axis brilliance and spectral range of synchrotron
insertion device and bending magnet sources compared to conventional
sources. Provided courtesy of R. Fenner, Argonne National Laboratories.
mental end-station. The rest of the storage ring comp
evices for maintaining beam confinement and for rep

shing the energy lost by the beam upon radiation.
The intensity and wavelength range of the emitted ra

ion may be modified by the inclusion of “insertion devic
n the straight sections of the storage ring. Each straight
ion can have one or more insertion devices, which hav
et affect on the direction of the electron beam but invol
eries bends that give rise to an accumulative radiative
ess. These involve a series of magnetic fields that in
eriodic accelerations in the electron beam, thus enha

he emitted light intensity. The simplest of these device
ermed a “Wiggler” which produces a semi-continuous s
rum. If the period of the alternating magnet poles and

ig. 1. Layout of the Australian Synchrotron showing: (1) electron so
2) linear accelerator (LINAC), (3) booster ring, (4) storage ring, (5) beam
nd (6) experimental endstation. Figure courtesy Australian Synch
roject.
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ray absorption spectroscopy (XAS) in which the exciting
photon energy is scanned across an element absorption
edge (see Section4). 2D and 3D (tomographic) X-ray
imaging techniques can also exploit tunability to enhance
contrast by comparing data collected at wavelengths above
and below an adsorption edge. Spectroscopic interferences
may also be minimized in this way.

• Polarization. Synchrotron radiation is normally linearly
polarized in the orbital plane and elliptically polarized
above and below the orbital plane. Certain insertion
devices may also be used to alter the polarization as
desired. This characteristic of synchrotron light can be
exploited to provide orientation information by altering
either the polarization (via the insertion device) or the
beam-sample geometry.

• Time-resolved. The energy of the electron beam, which
is lost during synchrotron radiation emission, is replen-
ished by an oscillating voltage in radio frequency (rf)
cavities situated within the storage ring. The result is a
periodic “bunching” of electrons with a variable frequency
depending on the cavity frequency and circumference of
the storage ring. Time-resolved measurements are then
possible using the resultant pulses of synchrotron radia-
tion, which may be shorter than a ns with�s−1 to ns−1

repletion rates[1].
• Coherence. Laser-like properties result from the construc-
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Fig. 3. An aerial view of the Advanced Photon Source synchrotron at
Argonne National Laboratories, IL, USA. Provided courtesy of R. Fenner,
Argonne National Laboratories.

1960s. These rings were originally designed as accelerators
for high-energy particle physics, but when it was realised that
the detrimental loss of energy as electromagnetic radiation
was a novel, bright source for analytical probes, ‘parasitic’
beamlines emerged. Second generation facilities emerged in
the late 1970s and early 1980s, which were built as dedi-
cated synchrotron radiation sources. Third generation sources
have been appearing since the early to mid 1990s. SPring-8
(Japan), the Advanced Photon Source (APS, USA,Fig. 3)
and the European Synchrotron Radiation Facility (ESRF,
Grenoble, France) are currently the premier examples of third
generation sources that have been designed to optimise the
use of insertion devices to produce the brightest beams cur-
rently available. Each of these operates at energies of 8, 7 and
6 GeV, respectively.

Numerous techniques that utilise incident electromagnetic
radiation are available at synchrotron sources. A selection of
references has been included throughout this review, where
relevant, that deals explicitly with specific beam lines and are
useful for reference to individual line capabilities, applica-
tions and instrumentation. These references give an overview
of typical beamlines available at many synchrotrons but are
by no means exhaustive.

Access to a synchrotron facility has been somewhat lim-
ited and would not necessarily be available for routine anal-
ysis. This is due to the limited numbers of synchrotron
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tive interference produced by undulators (as desc
above)[1].
Non-destructive. This is possibly the most important as
for forensic investigations. For the majority of trace for
sic evidence (e.g. contact traces such as paint flakes,
fragments, hair and fibres, metal fragments, soils, sta
little, if any, sample preparation is required. The evide
may thus be analysed by other techniques or the an
repeated if the results are contested.

The combination of unique and controllable source p
rties enables a broad range of experimental techni
onventional laboratory techniques such as X-ray diff

ion (XRD) and X-ray fluorescence (XRF), infrared (I
hotoemission and ultraviolet (UV) spectroscopies, ma
erformed much more rapidly with enhanced signal-to-n
atios. Coupled with high performance monochromation
igh brightness results in great improvements in spectra
lution. Efficient focusing also allows bright photon bea

o be concentrated on spot sizes down to tens of nm in X
pplications and diffraction limited spots for IR spectrosc

n the context of forensic science, reliable and informat
ich data may be obtained from extremely small sample
aterial. Most importantly, new measurements are made

ible by the use of synchrotron radiation. One such techn
s X-ray absorption spectroscopy (XAS), which utilises
unability of synchrotron sources. XAS and its applicab
o forensic analysis will be discussed in Section4.

Over 50 synchrotron radiation facilities exist worldwi
f these, first generation rings were initially utilised in
acilities, and as a consequence, user demand for the
ble facilities is high and there are high costs assoc

or external agencies that ‘purchase’ access. Howeve
any of the major synchrotron techniques have mature
ardware for unattended analysis developed, rapid a
echanisms have been increasingly implemented, e.g

ynchrotron radiation source (SRS, Daresbury, UK). Ind
ewer facilities under construction at present, have act
ought industry and public agency advice in the setting u
ccess management structures. The Canadian Light S
CLS) and the Australian Synchrotron Project are exam
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3. Synchrotron infrared (IR)

In keeping with the general characteristics of synchrotron
radiation, IR beams exhibit extreme brightness. Additionally,
the output profile of the source is quite “flat”, decaying to only
one-half of peak output over the 1–1000�m range. A Globar
source, by comparison, decays by four orders of magnitude
over the same range. As a consequence, if a spectrometer
equipped with a synchrotron source has an appropriate range
of beamsplitters and detectors, near IR, mid IR and far IR
experiments can be conducted. However, as the beam has
extremely low divergence and very small diameter, the inter-
action between the beam and the specimen occurs over a very
small domain. As a consequence, spectrometers equipped
with a synchrotron source do not offer increased perfor-
mance compared to conventional spectrometers for analysis
of large specimens, except in the far IR range where the
extreme brightness of the source does afford a performance
advantage despite the small beam diameter. Compared to con-
ventional systems, however, a synchrotron source equipped
with a microspectrometer does offer unrivalled performance
in the mid IR region for very small specimens or small fea-
tures within specimens (e.g. smaller than about 50�m). As
infrared microspectroscopy in this spectral region is of great
relevance to the trace evidence examiner, this section will be
limited to that subject.
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nous specimen, diaphragms (“apertures”) must be established
at one or more of the focal planes in the microscope to
trim the beam dimensions. In trace evidence examination,
where thin fibres, tiny mineral inclusions within a paint
binder matrix, or paint cross-sections comprising thin films
are encountered, it is necessary to delineate specimens a few
or few tens of microns across. Under these circumstances
the radiation throughput is extremely low. Moreover, the
narrow slit through which the beam passes is of approx-
imately the same size as the wavelength of the probing
radiation (10�m corresponds to 1000 cm−1, which is within
the mid-IR region), therefore the beam suffers considerable
diffraction. This causes a significant proportion of the beam
to impact outside the region delineated by the diaphragms.
In the case that a homogeneous but microscopic specimen is
under examination, such as a thin fibre, the diffracted radi-
ation passes though the air surrounding the specimen and
is therefore recorded as stray radiation with some negative
impact upon the photometric accuracy of the spectral data.
However, when heterogeneous specimens such as paint cross-
sections are examined, the diffracted radiation will impact
outside the desired analytical area with the result of “spectral
leakage” from the adjacent areas, contaminating the spectral
data of the target region. Synchrotron beams are extremely
narrow and suffer from extremely low divergence (approx-
imately 80 mrad horizontally by 40 mrad vertically[5]); in
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High performance for IR microspectroscopy arises tho
uperior signal-to-noise ratio capability and better diffrac
haracteristics. In relation to the former, Carr et al.[2] has
ound that the noise applicable to synchrotron sources is a
0 times smaller than noise from a Globar source. Re
nd Martoglio[3] indicates that the low noise inherent
ynchrotron IR radiation is due to the fact that it origina
rom a source that is not thermal and is not therefore
ect to Boltzmann noise. Therefore, an acquisition requ
min with a microspectrometer equipped with a synchro
ource would take about 400 times longer (at least a day
onventional microspectrometer in order to attain equiva
oise. While the inherent noise of a synchrotron source is

ow, the signal received by the detector can be extremely
ue to the brightness of the source. As a consequence s

o-noise ratios can be extremely high. Carr et al.[2] indicates
hat the level of brightness can be three orders of magn
reater than that for a Globar. Dumas and Williams[4] has
alculated that as a result of source brightness, the us
ynchrotron as an IR source offers an advantage of 1-m
o one over a Globar source as far as signal-to-noise is
erned. From Dumas’ calculations, a 1 s measurement w
ynchrotron source is equivalent to an 11 day measure
ith a conventional source.
In relation to diffraction, with conventional IR micr

copes, a relatively dull beam tens of millimeters in diam
s brought into focus in a spot approximately 100–200�m
n diameter at the specimen plane. In order to analyse
mens smaller than the beam diameter, or avoid colle
f unwanted spectral data from certain regions of a hete
-

ssence the effective source size is about 100�m compared
o many millimeters for a conventional source[6]. Once it
s passed through the optics of an IR microscope, the b
roduces an illuminated area of about 15�m× 20�m at the
tage of the microscope. This is about two orders of m
itude smaller that the illuminated area in the same m
cope equipped with a Globar source[2]. With a synchrotron
ource, the impact of diffraction is much less than wi
lobar source, allowing microspectrometers equipped
synchrotron source to record good spectral data thr

iaphragms set to 10�m2 or even less. For comparison,
imit of performance for microscopes equipped with c
entional sources is approximately 30�m [6]. Reffner and
illiams has estimated that equipping IR microspectro

ers with a synchrotron source increases performance
iffraction limit by about 40–100 times[3]. Obviously if a
pecimen or a feature of about 100�m is placed at the focus
n IR microspectrometer equipped with a synchrotron so

hen a substantial fraction of the specimen will not be in
ogated by the beam. For specimens of this size conven
icrospectrometers offer approximately equivalent pe
ance because the beam is so much larger, even thoug

ess bright.
Further performance developments in IR microspectr

ters equipped with synchrotron sources are likely. Ca
l. [2] indicates that current IR microscopes are not o
ized for synchrotron beam characteristics and that a ch

n the shape of reflecting optics from spherical to e
oidal would allow focussing of the beam to a spot siz
bout 2–10�m at the stage. Conventional MCT detec
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have detector elements of approximately 250�m× 250�m
size. As a consequence the narrow beam arising from a syn-
chrotron “under-fills” such a detector. Greater signal-to-noise
performance using synchrotrons can be achieved if the newer,
smaller detector elements are utilized.

As well as transmission IR microspectroscopy in the mid-
IR range, the extreme brightness of synchrotron sources
should offer performance advantages in other experiments.
For example, IR microspectroscopy in reflectance mode for
microscopic specimens (i.e. approximately 50�m or smaller)
could prove a valuable technique. The high brightness of
the source should allow infrared microspectroscopy to be
conducted down to perhaps 100 cm−1, assuming the micro-
scope is equipped with a bolometer. Obviously, the impacts
of diffraction are far worse in this region than in the mid IR,
therefore the spatial resolution will be of the order of 100�m
or greater.

Although synchrotron hardware is extremely expensive
and sophisticated, the IR microscopes, optical benches,
detectors, and associated software are of the kind commonly
found in forensic labs. Specimen preparation and handling
requirements are therefore not unusual. In order to achieve
the absolute best results from a microscope equipped with a
synchrotron, some attention to detail regarding focusing and
configuration of apertures is required; Carr has published an
excellent article on this matter[7].
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Fig. 4. Comparative IR absorbance spectra obtained from the same individ-
ual cell utilising a conventional and synchrotron sources. Reprinted, with
permission, from[9], copyright by EDP Sciences, Les Ulis.

by Dumas employed 3�m× 3�m diaphragms to record the
data, a feat that is not possible with conventional instruments.
Therefore, whereas conventional IR microspectroscopy work
dealing with necrotic tissue on a scale covering several cells
indicated that oxidation was taking place somewhere in the
specimen, synchrotron IR microspectroscopy allowed res-
olution of oxidation processes within a single cell.Fig. 4,
after Dumas[9], demonstrates the ability to collect data of
high signal-to-noise ratio using small diaphragms and a syn-
chrotron source. The spectrum recorded on a conventional
instrument required a sampling area four times bigger and
three times the number of scans.

An article by Wilkinson et al.[11] indicates the potential
for extremely energy-limited experiments of direct foren-
sic interest: synchrotron specular reflectance IR microspec-
troscopy of inks on paper. The spatial resolution allows analy-
sis of a single ink dot, and the high signal-to-noise ratio allows
the identification of individual vibrational bands. Most signif-
icantly, the technique allows for non-destructive analysis of
the ink specimen in situ, compared to other methods that call
for extraction of ink components with the attendant risk that
some chemical information might be discriminated against.
Wilkinson et al., in another article[12], describes the use
of synchrotron reflectance IR microspectroscopy to study,
What follows is a discussion of specific examples o
icrospectroscopy using synchrotron sources in the li

ure, either forensic applications or those in allied fields
ndicate a potential application in forensic trace evide
nalysis. Several workers have demonstrated the ca

ty offered by synchrotron IR microspectrometers for h
ignal-to-noise operation at or below the conventional diff
ion limit; this utility is possibly the one of greatest releva
o the trace evidence analyst. Kalasinsky[8] used synchrotro
R microspectroscopy to detect and map the distributio
ocaine and 6-acetylmorphine in hair. Although the sig
ere subtle, cocaine at a concentration of 150 ng/mg
scertained by GC–MS) was detected by Kalasinsky.
apping experiments conducted on longitudinally sectio
airs indicated that cocaine was concentrated in the re
f the medulla and depleted in the cortex, confirming

ier findings by the same author suggesting that hydroph
rugs accumulate in the medulla while hydrophilic drugs

o be distributed in the cortex. The ability to identify min
nclusions in a matrix has also been illustrated by Dumas[9],
ho also examined human hair. Microscopic nodules res

n the medulla were found to be rich in fatty acids. Dumas
sed synchrotron X-ray fluorescence microscopy on the
pecimens to indicate that the nodules were rich in cal
also observed by Kempson et al.[10]), leading to the hypoth
sis that the nodules were calcium “soaps”. Dumas

maged the CO band (1740 cm−1) from individual, necrotic
dying) cells [9] and was able to identify the presence
xidized proteins in the cytoplasm around the nucleus w

he nucleus itself was virtually unaffected. Studies condu



I.M. Kempson et al. / Talanta 67 (2005) 286–303 291

characterize, and discriminate 25-year-old inks on Cana-
dian stamps. By extension, it would appear that synchrotron
reflectance IR microspectroscopy would have application for
the analysis of not just inks on paper but other coatings such
as photocopier toner and printer toners, especially those filled
with carbon black that absorb IR very strongly. Synchrotrons
allow the rapid collection of high resolution IR images at high
signal-to-noise, this technique might have application in the
mapping of inks or coatings on documents for the purpose of
pictorially indicating where alterations have taken place.

Wilkinson et al. [13] conducted other experiments that
highlighted the signal-to-noise advantage offered by syn-
chrotron microspectroscopy for the analysis of microscopic
features, he characterised components found in human fin-
gerprints. In the same article Wilkinson describes analy-
sis of fingerprints with X-ray fluorescence in order to map
electrolytes. The goal of Wilkinson’s work was to develop
advanced methods for visualization of complex, partial prints,
including those of pre-pubescent children.

Suzuki[14] has indicated that the extended mid-IR region
(220–700 cm−1) contains useful information for the forensic
discrimination of paints. Minerals such as silicon dioxide,
titanium dioxide and ferric oxide yield characteristic bands
in this region allowing their positive identification and clas-
sification of crystalline form. Merill and Bartick[15] have
also indicated that extended range IR is useful for the dis-
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ground fluorescence. On the other hand, the probe beam used
in Raman microspectroscopy can be brought into focus on
a spot only a few microns in size. Scattering from a spot
of this size can provide vibrational spectral data down to
about 50 cm−1. Infrared spectroscopy cannot match this spa-
tial resolution performance, even with a synchrotron source,
because of the wavelength of probe radiation lengthens into
the near-IR, the diffraction limit applicable also increases.
Raman therefore might be the technique of choice for the
collection of extended range vibrational data at high spatial
resolution for trace evidence. Raman microspectroscopy and
IR microspectroscopy are best described as complementary
techniques: each has something to offer the trace evidence
analyst and can be used effectively in conjunction.

Synchrotron radiation is highly polarized; this has two
implications for trace evidence examination: one a poten-
tial benefit; the other a caution. In relation to the former, IR
dichroism offers an extension to IR spectroscopy as a means
of within-class discrimination of those polymers that conform
to a preferred molecular orientation. As a result of polymer
chain orientation along the axis of the fibre, certain peaks
in the IR spectrum of polyethyleneterephthalate (PET), for
example, are strong or weak depending upon whether the
polarization of the IR beam is oriented along the axis of the
fibre or perpendicular to it. The ratios of the two extremes of
peak areas are referred to as dichroic ratios. Of relevance to
f ten-
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rimination of pressure-sensitive adhesive tapes based
norganic material content (e.g. fillers, cross-linkers,
olour enhancers). With the exception of acrylate resins
xtended mid-IR region does not contain useful absorp
rising from paint binders. This carries through to the w
eld of trace evidence examination in general; common p
ers do not yield much information, with the exception

hose containing vinyl chloride, silicone, heavy atoms s
s bromine and sulphur, and certain aromatic rings. The
f Suzuki was carried out on the macroscopic scale bec
onventional IR microspectrometers cannot operate in
xtended region. A 700 cm−1 is usually the lowest frequen
hat can be measured. Synchrotron IR microspectros
n the other hand offers the possibility for extended-ra

R microspectroscopy of paints and other materials, the
pening up new horizons in trace evidence analysis. The

imitation is spatial resolution, which would be of the or
f 30�m at 300 cm−1, therefore the examination of ve
mall flakes of paint or thin fibres would be compromi
o some extent. Stich et al.[16], using a Raman micro
robe, has indicated that vibrational spectroscopy is of u

he characterization of primer-derived GSR; carbonates
hates, and oxides of lead and barium were tentatively id
ed. Extended range synchrotron reflectance IR micros
roscopy might contribute more information regarding
omposition of primer-derived residues.

The literature is silent as to whether synchrot
R microspectroscopy offers any advantages over Ra
icrospectroscopy. Raman spectroscopy is subject to u
ictable, and sometimes intractable, problems due to b
orensic science is that dichroic ratios depend upon the
ion applied to the fibres as they are spun, and therefo
ome extent are dependant upon the method of manufa
ichroic ratios therefore can be a means of discrimina
bres. As indicated by Cho et al.[17] and Tungol et a
18], IR dichroic ratio analysis is a useful means of
riminating between PET fibres. Cho was able to clas
2 distinct PET fibres into 22 groups on the basis of t
ichroic ratios, IR analysis alone allowed discrimination
nly 13 groups. In another study, Cho et al.[19] demon-
trated the forensic utility of IR dichroic measurements
crylic and nylon textile fibres. Synchrotron IR microsp

roscopy might have something to offer in relation to
rimination of materials on the basis of their dichroic rat
irstly, the high signal-to-noise capability will enhance p
rea precision; this might allow better discrimination wit

he PET class. Secondly, better data reliability might a
ubtle dichroic ratios to be measured in other fibre- or fi
orming polymers of forensic interest, offering new mean
iscrimination. For example, Ellis et al.[20] has measure
ichroic ratios in isotactic polypropylene using synchro

R microspectroscopy. As a cautionary note, unlike con
ional IR microscopy, where one must intentionally pola
he beam in order to measure dichroic ratios, synchrotro
icrospectroscopy always involves a polarized beam. T

ore, at least in the case when fibres are examined, it w
e good practice to ensure that the orientation of questi
nd control fibres with respect to the beam remains
tant in order to guard against type 1 errors arising f
ichroism.
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In summary, microspectrometers equipped with syn-
chrotron sources offer greatly superior analytical capabili-
ties in the mid-IR for specimens smaller than about 50�m.
Enhancements can be expected in relation to signal-to-noise
ratio, which allows more reliable measurement of weak sig-
nals, and as a result of better diffraction characteristics, which
allows better photometric accuracy and rejection of spectral
leakage. Synchrotrons also offer the capability for extremely
high resolution experiments, and the recording of spectral
details of rapidly evolving chemical systems such as living
cells. However, potential or real examples of applications of
these capabilities to trace evidence examination are not evi-
dent. The ability to collect data rapidly at high signal-to-noise
ratio makes synchrotron IR microspectroscopy the technique
of choice for IR mapping experiments. The advent of focal
plane array detectors coupled to synchrotron sources will also
assist in this area. Although such a capability is not often
required for case work, it might be of great use for research
purposes.

4. X-ray absorption and fluorescence techniques

In this section we have included any technique that relies
on the absorption of incident X-ray radiation to infer chem-
ical information. However, absorption is often not measured
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Fig. 5. An X-ray tomography ‘slice’ obtained from a glass containing gun-
shot residue particle. Bar = 100�m.

the order of 100 nm[21]. This technique can yield struc-
tural information of materials while being non-destructive.
One area of application to forensic science is fundamental
studies into the formation and/or structure of trace evidence.
For example, fired Winchester 0.22 calibre ammunition gun-
shot residues (GSR) (Fig. 5), have been “cross-sectioned”
by us to provide insight into their physical composition. In
the example shown, the particle appears to be a conglom-
erate of low-density regions separated by a denser phase.
While some of these low-density regions appear to contain
material, others appear as though they are simply voids. The
highly absorbing inclusions that appear white are condensed
metallic spheroids. Scattering artefacts are observed in this
example but can be reduced under optimised conditions.
This preliminary example was generated at the 2-BM line
at the X-ray Operations and Research Collaborative Access
Team (XOR-CAT), APS, with a 16 keV incident beam and
each pixel represents 1.3�m× 1.3�m. While analysis for
the complete three-dimensional reconstruction of this par-
ticle required 1.5 h, under optimal conditions would have
only required∼15 min. The cross-sections produced by X-
ray micro-tomography closely resemble those produced by
Niewohner and Wenz[22], who used ion beams to physi-
cally cross-section particles. The intensity impinged upon a
sample by conventional micro-CT instruments is extremely
low and the associated bremsstrahlung radiation reduces
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irectly. X-rays are impinged upon a sample and the as
ted absorption and interaction with the matter gives ris

he emission of photoelectrons, secondary electrons, A
lectrons and fluorescent X-rays.

X-ray absorption techniques offer many applications
elate to the characterization of materials. These can
ither solid, liquid or gas forms and hence experiments
e run in situ. Analyses can be performed with synchro

echniques with sensitivities unsurpassed by convent
ethods and can include bulk analysis or arranged to b

ace sensitive.
While the increased brightness and tunability of s

hrotron sources are offered as significant advantage
bsorption, transmission and fluorescent techniques, the
ther factors that additionally improve signal-to-noise. S

er cross-sections are dependant on polarisation and e
minimum in the plane of the synchrotron ring. The

ore, a detector placed in the same plane as the st
ing experiences less scatter then would be detected

non-polarised beam (such as that generated from
entional sources). It is worthwhile to note that absorp
ross-sections are not dependant on polarisation and
ensitivity is not affected.

Perhaps the simplest concept utilising absorption
ransmission of X-rays is micro-computed tomogra
micro-CT). Beamlines have been developed that can
ide incredible resolving power to produce “virtual cro
ections” in any plane of minute artefacts. At the APS
igh-throughput system has been described that pro
ata acquisition within minutes at anticipated resolution
onochromacy. However, the use of a synchrotron so
esults in high X-ray flux with very small beam diverge
nd a wide energy spectrum for selection of the most
ble energy for experiments[23–25]. Furthermore, the sm
ivergence of synchrotron X-rays allows longer optical p

or imaging, thus reducing scattered radiation superim
ition. Other imaging capabilities are also an area to
fit from the advantages of synchrotrons such as dif

ion enhanced imaging at the Laboratório Nacional de Lu
ı́ncrotron (LNLS, Brazil)[26], and radiography, tomogr
hy and diffraction topography at ESRF[27].

Rather than purely physical properties, however, trace
ence analysis largely depends on chemical information
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which synchrotrons offer a number of advantageous tech-
niques that are the primary focus of this review.

There is a good general awareness and understanding of
the mechanisms which common techniques such as IR spec-
troscopy, X-ray diffraction and fluorescence utilize. X-ray
absorption fine structure (XAFS) techniques are less well
known and are worthy of a brief description to increase famil-
iarity. As X-rays pass through a material, a proportion of them
will be absorbed. Measurements of the amount of absorption
as a function of X-ray energy reveals edge structures where
the level of absorption abruptly increases. The edge occurs
when, with increasing energy, an incident photon has suffi-
cient energy to cause the transition of an electron to an unfilled
bound state, e.g. from an s-character to a p-character state.

A typical X-ray absorption spectrum is reproduced in
Fig. 6. The absorption edge, which is essentially the X-
ray absorption coefficient as a function of incident X-ray
energy, is element specific and comprises electron transi-
tion and configuration information together with features that
are modified by electron scattering with nearest neighbour
atoms. An advantage of this technique is its usefulness in
analysing a wide variety of solids and liquids, including dis-
solved species. High energy-resolution detectors also allow
higher scrutiny of the XAFS features giving rise to techniques
such as X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) (Fig. 6).
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ory to derive the structure of a material. Detection limits
are usually in the low-ppm range and hence, in a foren-
sic context, can be used to speciate trace elements within a
sample.

The XANES region, comprising the absorption edge itself
and the features immediately beyond the edge (to∼50 eV
after the edge)[31], are strongly sensitive to the oxidation
state and co-ordination chemistry of the absorbing atom of
interest. XANES spectra are commonly compared to stan-
dards to determine which species are present in an unknown
sample. Once species are identified, their relative abundance
is quantified using linear-combination fitting (or other curve-
fitting algorithms) using XANES spectra of the standards
to reconstruct the experimental data. It is important to note
that XANES is sensitive to bonding environment as well as
oxidation state. Consequently, XANES is capable of discrim-
inating species of similar formal oxidation state but different
co-ordination. For example, with the use of appropriate stan-
dards, the proportions of Fe(II) and Fe(III) in a material may
be determined and whether Fe is octahedrally or tetrahedrally
co-ordinated with sulphur or oxygen.

The EXAFS region comprises information on nearest
neighbour distances and the particular ligand atoms. EXAFS
comprise periodic undulations in the absorption spectrum
that decay in intensity as the incident energy increases well
past (∼1000 eV) the absorption edge. These undulations arise
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SRF[28], the National Synchrotron Radiation Laborat

NSRL, China) [29] and the APS[30]. XANES is also
ometimes referred to as near edge X-ray absorption
tructure (NEXAFS) by soft X-ray specialists. These te
iques utilize fine features in the absorption spectrum
bsorption versus energy. The absorption edge of a tr

ion is the region at which the incident energy is suffic
o start interacting with the element under consideration
ence, is absorbed. Interpretation of X-ray absorption sp
ommonly uses standard compounds with known struc
nd oxidation states, but can also be compared with

ig. 6. An example of an XAFS spectrum obtained of the Cu K-edge
u metal highlighting the XANES and EXAFS regions. Reprinted,
ermission, from[137], copyright by World Scientific Publishing Co. P
td.
rom the scattering of the emitted photoelectron sphe
ave with the electrons of surrounding atoms. This
ess acts to modulate the absorption coefficient accord
nalysis of this part of the spectrum firstly involves ba
round subtraction and normalization, and converting
hoton energy scale tok-space units (wavenumbers,Å−1).
he Fourier transform of the normalized data yields a ra
istribution series of maxima corresponding to the dista
f successive shells of nearest neighbour atoms[1]. Fig. 7

llustrates the final treatment of the EXAFS portion of the
-edge spectrum from Cu metal shown inFig. 6. Alterna-

ig. 7. AR (Å) plot for Cu metal derived from the Cu K-edge spectrum
ig. 6reveals radial distributions of the surrounding atomic shells. Co

ational modelling (dotted line) confirms the four atomic shells surroun
central Cu atom in its metal form. Reprinted, with permission, from[137],
opyright by World Scientific Publishing Co. Pte. Ltd.
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tively, an EXAFS may be calculated from a proposed model
structure using theoretical scattering models. The theoretical
spectrum can then be matched to the experimental spectrum,
confirming the identity, number and distance of neighbouring
atoms[1,31].

Acquisition of data may be performed by a number of
mechanisms. Transmission or absorption simply requires a
detector positioned in line with the incident X-rays behind the
sample. In the soft and intermediate energy X-ray regime (less
than ∼3–4 keV), scanning transmission X-ray microscopy
(STXM) lines such as those at the Advanced Light Source
(ALS, USA)[32] and the National Synchrotron Light Source
(NSLS, USA)[33] offer microscopic and spectroscopic anal-
ysis of low energy transitions including C-, N- and O-edges
with NEXAFS capabilities[34]. These lines can often also
provide analysis of the K-edges of the group 3 metals, and also
the L- and M-edges of higher atomic number elements such as
the 100–1500 eV line at the Laboratoire pour l’Utilization du
Rayonnement Electromagnétique (LURE)[35]. Other soft X-
ray spectroscopy experiments have been described at NSLS
[36], and has also been combined with tomography[37].
However, soft energy experiments are complicated by a num-
ber of factors including severe absorption in air (particularly
by Ar). Hence, such analysis should be conducted in a low-Z
atmosphere such as He[38], or in vacuum. If organic compo-
nents are not important, higher energies can be utilised with
l
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4.1. Synchrotron X-ray fluorescence (SXRF)

Several conventional techniques are available to the trace
evidence examiner for the purpose of trace element profiling
and bulk analysis; this section compares the performance of
these techniques with SXRF. Perhaps the most commonly
available technique is scanning electron microscopy-energy
dispersive X-ray microanalysis (SEM-EDX). Although this
technique can be use for the analysis of bulk materials (e.g.
window glass[48]), its detection limits preclude its utilization
as a tool for trace element profiling. Conventional X-ray flu-
orescence finds some use in trace evidence examination. For
example, Howden et al.[39] used energy dispersive X-ray flu-
orescence for distinguishing sheet glass from container glass.
A similar approach was taken by Ryland[40] who employed
energy dispersive X-ray fluorescence (ED-XRF) to classify
glass types (i.e. sheet or container) by elemental composition.
Koons et al.[41] performed a comparison between refrac-
tive index (RI), ED-XRF and inductively coupled plasma
atomic emission spectrometry (ICP-AES) in their application
to forensic characterization of sheet glass fragments. More
recently, Kunicki-Goldfinger et al.[42] employed radioiso-
tope ED-XRF in provenance studies of glass originating from
18th century glasshouses in Central Europe. Becker et al.[43]
and Hicks et al.[44] also utilised energy dispersive X-ray
microfluorescence for the classification and discrimination
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Hard X-ray (>3–4 keV) beamlines are employed for X-

bsorption spectroscopy (XAS) measurements for elem
f atomic number above potassium as those elements

ower atomic number do not have electrons (i.e. K, L,
tc. transitions) with binding energies in this range. Howe
ard XAS may be performed in air, outside the vacuum o
eamline, via an X-ray transparent window. This reduce
eed for vacuum-safe sample preparation and enables
f liquids and suspensions.

Alternatively fluorescence yield or electron yield may
easured. Fluorescence and electron emission result
e-excitation processes occurring after absorption. Flu
ence yield (FY) and total electron yield (TEY) measu
ents, as they are called, can be made simultaneousl
sing a semiconductor X-ray detector and TEY by mon

ng the sample drain current with a high precision cur
eter. X-ray fluorescence can be measured in a positio

he incident beam side of the sample. The excited vo
s represented by a depth approximately equal to the X
ttenuation length. The re-emission of the fluorescent X
an be detected and used to produce a fluorescence sp
r analysed to give an absorption-based analysis. Comb
Y and TEY measurements yields both bulk (few thous
ngstroms) and near-surface (few tens of Angstroms) in
ation, respectively, due to the shallow escape depths
mitted secondary electrons contributing to the drain
ent. A further variant is partial electron yield (PEY), wh
nvolves the energy-selective detection of emitted photo
rons or Auger electrons[31].
f glass. Other highly sensitive analytical techniques, w
lso find application within forensic science, include time
ight secondary ion mass spectrometry (ToF-SIMS) and
blation inductively couples plasma mass spectrometry

CP-MS). Both techniques offer the ability to obtain tr
lement and isotopic ratio data for a wide variety of trace
ence, including glass, gunshot residues and inks. Becke
toecklein[45] demonstrated that elemental analysis of g

ragments by LA-ICP-MS was a rapid screening techniqu
ifferentiate between different glass types. Almirall[46] and
rejos et al.[47] have applied LA-ICP-MS for the elemen
haracterization of glass while Watling[48,49] additionally
nalysed metallic residues resulting from safes, firearm
onstruction material. The technique has also been ap
o the fingerprinting of gold deposits and gold product
outh Africa[50] and the provenance establishment of g
nd diamonds in Western Australia[51]. By comparison o
lemental composition, such minerals can be related ba
specific mineralizing event, mine, and country of ori
dvantages offered by LA-ICP-MS include short anal

imes, little sample preparation, high precision (<10%)
ccuracy, and excellent detection limits (sub picogram
ls)[47]. The technique is said to be non-destructive, how
ata presented by Trejos et al.[47] indicate that under typic
cquisition parameters, an ablation crater of approxim
0�m results. Furthermore, despite the capability for

ial resolution down to 10�m, Almirall and Furton[52]
ound that better reproducibility is obtained when opera
t 50�m. This therefore limits the allowable sample siz
reater than 50�m and may result in significant destruct
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of small samples. ToF-SIMS on the other hand, is a highly
surface sensitive (first one to two monolayers) technique that
can provide chemical as well as elemental information with
much less destruction of the sample. Compared to LA-ICP-
MS and ToF-SIMS, SXRF offers equivalent or better limits
of detection together with no sample destruction.

Conventional X-ray tubes for XRF experiments are lim-
ited by the ability of the X-ray source material to dissipate
heat generated from the impacting electron beam used to gen-
erate the X-rays. Collimation and focusing of conventional
sources for microanalytical techniques also leads to a severe
reduction in transmitted flux due to the lack of directionality
in their emission. Synchrotron X-rays are generated with a
naturally low divergence and hence the production of a micro-
analytical beam does not suffer from the same degradation.
An early assessment of synchrotron micro-XRF compared
to conventional XRF has been made from the mid- to late-
1990s[53]. While this publication highlights the advantages
of synchrotron XRF over conventional methods, it is also of
interest to compare how far the synchrotron techniques have
developed in recent years. The sensitivity of synchrotron X-
ray fluorescence offers a technique that is non-destructive
and can measure trace quantities with unsurpassed sensitiv-
ity. This enables profiling material based on trace elemental
composition that can reflect origins or identify evidence as
originating from the same, or different sources. “Impurity
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Fig. 8. Impurity profiling. Synchrotron TXRF spectra from a control
methamphetamine HCl (a), a seized methamphetamine HCl (b), and a con-
ventional TXRF spectrum from the same seized sample (c). Reprinted, with
permission, from J. Forensic Sci. 47 (5), copyright ASTM International,
West Conshohocken, PA 19428.

An additional advantage of using a synchrotron source is
the tunability of the incident X-ray energy. In some cases,
a specimen may contain elements that produce overlapping
X-ray fluorescence peaks, for example the As-K and Pb-L�
emission lines. Since for Pb, the fluorescence is generated
from an L transition, more energy is required to remove the
inner shell electron than what is required for the As inner
rofiling” can be done more sensitively on smaller sam
han alternative techniques while being non-destructive
ith no, or very little, sample preparation.
Synchrotron XRF applied to forensic or similar sample

imited, but active, and has been applied in art and archa
try contexts[54]. The latter, studied and classified vario
ncient glasses as well as presenting other interesting
tudies involving ink analysis and weathering effects on g
nd coins. These types of cases typically explore ques
imilar to forensic investigations such as aging effects, lo
zing origins of artefacts and identifying composition,
imilarly have not appeared in a significant number of
hrotron orientated publications.

Muratsu et al.[55] used synchrotron radiation total refle
ion X-ray fluorescence (TXRF) spectroscopy (incident a
f 0.005◦) to detect trace elements in small amounts (10�g)
f drugs (methamphetamine, amphetamine, 3,4-methy
ioxymethamphetamine, cocaine, and heroin) in orde
iscriminate sources and synthetic routes of manufac
ata acquired from methamphetamine from synchrotron
onventional sources has been reproduced inFig. 8. They
eport on measuring quantities down to 10 pg with accum
ion times of 500 s. Accumulations of 1000 s by conventio
XRF could not detect iodine or iron in the example show
ould therefore appear possible to use SXRF for the ele

al profiling of single crystals of drug within a “cut” specime
his would allow comparison of seizures to take place w
ut the confusing issue of the cutting agent contributin

he elemental profile. In addition, trace botanical samples
arijuana and opium, were also analysed for discrimina
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shell electron. Therefore, the incident energy can be tuned
to a point above that required to remove the As electron,
but insufficient for the Pb-L�transition to occur. There-
fore, the presence of both of these elements can be con-
firmed. Note that Pb-L�can still be utilised for a unique Pb
signal.

Anjos et al.[56] employed total reflection X-ray fluores-
cence using a polychromatic synchrotron radiation source
for quantitative trace elemental determination in red and
white wines, indicating application for quality control oper-
ations. The same technique was applied by Costa et al.[57]
for the elemental analysis of mineral water. Detection lim-
its were quoted in the low-ppm range and the accuracy of
the technique was determined to be 4%[57]. This work also
demonstrated the ability to determine the origin of the min-
eral water and wines based on elemental composition.

A relatively high profile investigation that has utilised
synchrotron radiation was that in which four people died after
consuming poisoned curry dosed with arsenic at a festival in
Japan. Suzuki et al.[58] used SXRF in an attempt to discrim-
inate 13 samples of arseneous acid based on heavy metal
content due to origin and manufacturing method. By this
analysis they were able to profile arseneous acid from a selec-
tion of sources including samples obtained from a suspect’s
home. An exciting energy of 115 keV was used to analyse for
K-� lines to avoid interferences of lighter elements. Nakai et
a tion
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It is not unusual for synchrotron XRF experiments to
quote fluxes much greater than 1010 photons/s focused into
micron sized spots. When discussing such large impinging
fluxes, concern arises regarding any detrimental effects of
the analysis on the sample[62–64]. Radiation damage has
been shown to be a problem, especially with, but not limited
to, organic samples[65–67]. While damage can readily alter
or even destroy a sample, precautionary approaches in sample
preparation or sample conditions during analysis can mini-
mize any risk of sample degradation or alteration. While flux,
beam size, or analysis time can be reduced (to the detriment
of the experiment) to help prolong sample integrity, other
options are also available which do not inhibit sensitivity,
such as minimizing water content and using streams of cryo-
genic gases[68]. However, under appropriate conditions for
more robust samples, analysis is truly non-destructive. Kem-
penaers et al.[69] conducted 300 replicate XRF analyses
upon a single 5�m× 8�m region within a 1 mm thick wafer
of glass (NIST SRM 613) and concluded that there was no
sign of material degradation or loss of analyte throughout the
experiment.

Quantification is an important issue especially when it
is desirable to compare results or develop methodologies
against other well-established techniques that provide quanti-
fied data. Quantification is available from synchrotron anal-
ysis and becomes easier when considering monochromatic
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l. [59] also showed the use of high energy exciting radia
116 keV) for the detection of rare-earth (all at 50 p
oncentrations) and heavy metals in standard rock and
amples. The best detection limits obtained were 0.1
or W after 500 s acquisitions. The estimated minim
etection limit for Lu (as an example of rare-earth eleme
as 16 pg. This data demonstrates the potential of
hrotron XRF analysis to be used for the profiling of vari
aterials.
Suzuki et al.[60] has used SXRF for the determinat

f the elemental content in car headlight glasses. Signifi
ifferences were measured non-destructively in several
lemental concentrations to discriminate between sam
ith less than 0.5 mg of material. Confocal SXRF was u
y Smit et al.[61] for the elemental analysis of paint laye

n confocal SXRF a two-lens system is used for focussin
rradiating beam and the fluorescence detection to a com
olume. Only elements within this volume yield a fluor
ence signal that is detected. The beam control is suc
he excitation volume can be arranged to be within the s
en at a user-defined depth. Depth profiling can therefo
chieved without the specimen being sectioned, as is us
equired with conventional techniques such as SEM-E
r XRF. The analysis by Smit et al.[61] on multilayer ca
aints achieved a depth resolution of 30�m, quite sufficien

or determining composition and thickness of the paint
rs. Apart from the obvious advantage that confocal S
oes not require the sectioning of specimens, it also a

he operator to analyse the specimen in a region benea
urface contamination.
eams since matrix effects are easier to describe. How
o apply synchrotron XRF to more novel applications v
us analytical complications are encountered, but can s
ccounted for, for instance in analyses of inclusions[70],
ncommon materials, soft X-ray transitions or on mic
cales[71].

Kawai et al.[72] studied fly-ash particles with TEY fo
urface sensitivity and FY for bulk data. The results indic
urface concentration differences in Pb between sourc
y-ash particles from incinerators. Soft X-rays were u
or excitation of the S K-edge and the Pb M4- and Pb M5-
dges in vacuum at 10−6 Torr. They propose that the Pb

he higher temperature incinerator (1600 K) vaporizes
ubsequently condenses onto the surface of the fly-as
icles when cooled. These samples are somewhat anal
o GSR particles, in that they are small particles that ex
nce high temperatures in oxidizing environments conta
aporized metals. Conventional techniques have also
pplied to the characterization of GSR and again, high
n area in which fundamental research by synchrotron m
ds could be applied. Charpentier and Desrochers[73] used
onventional micro-XRF to analyse lead free primer-der
SR while Brazeau and Wong[74] used micro-XRF for th
nalysis of GSR on human tissue and clothing. An eva

ion of micro-XRF on the elemental analysis of GSR
erformed by Flynn et al.[75]. It was found that a disadva

age of the technique using a 100�m beam collimator was th
nability to analyse particles smaller that 10�m, a feat easil
chievable with a synchrotron source. Vincze[76] developed
Monte Carlo simulation based approach to quantify t
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elemental levels in individual micrometer sized fly-ash par-
ticles. SXRF analysis was performed with 300 s live time
counting and improved detection limits up to roughly two
orders of magnitude better than conventional systems.

Rindby et al.[77] also used micro-XRF to analyse large
fly-ash particles with a 13 keV 2.3�m full beam with
1010 photons/�m2/s and an energy bandwidth of 10−4�E/E.
In their arrangement, concentrations were measured down
to ∼200 ppb for Zn and Cu in a few seconds corresponding
to about 10−16 g of material for thin samples. This enabled
analysis of particles between 20 and 40�m in diameter and
even composition and homogeneity of sub-particles with sub-
micron diameters within the larger particles.

The use of synchrotron XRF for environmental monitor-
ing was demonstrated by Ide-Ektessabi et al.[78]. In their
study the elemental composition of teeth was measured to
indicate environmental exposure such as heavy metal con-
tamination. Similarly, Anjos et al.[79] performed elemen-
tal mapping of teeth using synchrotron micro-XRF. Teeth
are excellent indicators of environmental exposure as ele-
ments are sequestered by the mineral phase of teeth during
their formation. Advantages of SXRF for such applications
include its non-destructive nature and simple sample prepara-
tion. The beam size in this study was 7�m× 6�m allowing
high spatial resolution, and the high-collimation of the syn-
chrotron source permits high efficiency for trace element
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treatment products for comparison of individual samples.
Soft biological matrices can also be analysed, for exam-
ple breast tissue Geraki et al.[85] and brain sections Liu
et al.[86].

In addition to highly sensitive XRF data for trace-
elemental information, synchrotron XRF is a highly use-
ful mapping tool for high resolution imaging. Examples of
high resolution images obtained at the X-ray Operations and
Research Collaborative Access Team (XOR-CAT) 2-ID-D
beamline (APS, USA) are given inFig. 9. The images por-
tray a 2�m thick transverse slice of hair that was scanned
with a 13.1 keV 100 nm spot and a dwell time of 2 s per pixel.
The S (originating from the keratinous protein) reflects the
hair sample, while Cu and Pb images indicate localizations
of metal concentrations around the cuticle edge and what are
likely to be melanin granules or nuclear remnants of the cor-
tical cells. These images portray the highly detailed spatially
resolved information that a synchrotron beam can produce
which can be useful for describing minute samples.

The above examples highlight the advantageous character-
istics of synchrotron XRF, which include its non-destructive
nature, monochromaticity, ability for simultaneous determi-
nation of multi-elements, high-sensitivity, small sampling
volume and effectiveness for microanalysis.

4.2. X-ray absorption near edge structure (XANES)
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etermination[80]. These advantages enhance the app
ility of SXRF for forensic material discrimination based
lemental analysis. Although it has been shown that t
lemental analysis of hair for general diagnostic analys
any elements is highly questionable[10,80,81], and eve
ashing procedures can produce misleading results,
till remains potential for the detection of ingested me
hat may occur in large doses and that are unlikely t
ue to external contamination. Individual hairs may be a
sed longitudinally and non-destructively by XRF to rev
ngestion of toxic metals that may indicate poisoning. To
ra[82] used conventional XRF to longitudinally analys
air from a woman who experienced mercury poisoning
howed the point of ingestion and subsequent diminis
oncentration with time. Nicolis et al.[83] also demon
trated longitudinal temporal variations. They used SX
o show fluctuations of As in hair due to a period of us
n As-based drug used for the treatment of leukaemia. T
xamples demonstrate the potential to use hair as a m
or to allocate a time designation to a period of expo
o toxic metals. In addition to this however, chemical v
bility in hair can also be indicated by XRF measureme
ertrand et al.[84] studied hair from Egyptian mummi
ith synchrotron techniques. Small angle XRD confirm

etention of structural integrity of the keratin with a be
ize down to 5�m. IR analysis was also performed to an
se protein secondary structure and SXRF analysis rev
ross-sectional distributions, which suggested the dete
f embalming and cosmetic treatments. This work c
e extended to identifying elemental components of
While SXRF can provide a highly sensitive method
etermining composition, analysis of the X-ray absorp
dges can provide additional information regarding the ch

stry of individual elements. XANES analysis utilises e
eatures that reveal the short-range order of the environ
urrounding atoms of an element of interest. This informa
an yield data that could be used as an additional disc
ating tool for material characterization. This method of
ignificant potential in a forensic context.

Near edge spectral variations are strongly depende
he electronic configuration and its interplay with the ato
tructure. These features provide information on the
urroundings of absorbing atoms such as valency, ch
al environment, coordination geometry, effective charge
ymmetry of unoccupied electronic states. Typically, XAN
nalysis will include a variety of standard materials that
ell characterized to infer properties of the local envir
ent. XANES analysis can be performed with beams o

ame dimensions as those used for SXRF, i.e. down to
izes on the order of tens of nm.

Structural information can be obtained from the h
nergy-resolution analysis of absorption edges or the XA
egion. The spectral features are a linear convolution o
elative contributions due to each of the oxidation st
resent. With proper analysis, quantitative information ca
xtracted regarding the contribution of each oxidation s
his has been demonstrated in glass[87], minerals[88] and
ven glass inclusions[89]. While an elemental concentr
ion can be the same between samples, relative abund
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Fig. 9. Synchrotron XRF mapping of a 2�m thick hair section. The optical micrograph indicates the areas over which elemental maps were produced with a
100 nm spot size and 2 s dwell time per pixel. The bar = 10 and 2�m for the larger and smaller images, respectively.

in oxidation states can be different providing an additional
degree of discrimination. The data can reflect environmental
conditions during the formation of a substance, for instance
the formation of volcanic glasses, from which the oxidation
states present are used to infer redox conditions at formation.
This information has obvious potential to be extended into
forensic work to identify or discriminate manufacture meth-
ods of materials or the conditions under which evidence has
been generated.

Typical XANES analysis of particulate matter may be
extended to an additional discriminating factor for particles
obtained as trace evidence such as soil, glass and GSR. In the
case of GSR there is application in studying the content and
chemistry of the resulting particles. Understanding the effect
of discharge on trace-elemental concentrations and the oxida-
tion state and coordination of those species can help to relate
or discriminate fired and unfired ammunition and differences
between ammunition or firearms. In addition, particles may
conclusively be discriminated from environmental particles.
SEM-EDX is the most common technique for GSR anal-
ysis, which has a depth resolution of approximately 1�m.
Hellmiss et al.[90] applied Auger electron spectroscopy
(AES) to the analysis of GSR with a greater surface sen-
sitivity, generating data that originates from the uppermost
atomic layers (0.3–3 nm). AES is not limited to surface anal-
ysis however, and can be used simultaneously with ion sputter
e ed

with windowed X-ray detectors, AES has the ability to detect
elements of low atomic number. The study by Hellmiss pro-
vided some insight into the complex internal composition of
GSR particles. AES was also applied by Zeichner et al.[91] to
study the surface concentrations of antimony (0.5–3%, w/w)
in hardened lead projectiles. ToF-SIMS has also been applied
to gunshot residue analysis[92,93]where it was determined
that the elements present in GSR are not simply in elemental
form but form compounds such as oxides and hydroxides.
Furthermore, the presence of glass in several types of 0.22
calibre ammunition was ascertained. Elemental analysis by
ToF-SIMS allowed characterization of the glass present and
the linking of residues with putative source ammunition.
Synchrotron analysis (XRF, XANES, AES, etc.) however,
can detect all elemental constituents in a completely non-
destructive manner, with or without surface sensitivity, with
the added benefit of deducing elemental oxidation states and
coordinations. Examples of Fe K-edge XANES spectra are
provided inFig. 10 which were acquired at the Australian
National Beamline Facility at the Photon Factory (Japan).
Several spectra from standard materials are included along
with data recorded from a group of glass-containing GSR.
The XANES spectrum from the GSR appears to be a convo-
lution of different chemical forms. A significant proportion
resembles the spectrum of iron metal, while comparison with
Fe compounds presented by Westre et al.[94], indicates the
p r
tching to allow depth profiling. Unlike SEM-EDX equipp
 ossibility of an octahedral FeIII complex. Other oxides o
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Fig. 10. Fe-K XANES spectra from a variety of iron containing compounds.
The spectrum of the iron content in the GSR particles indicates similarities
to a combination of iron metal and a higher coordination phase.

iron sulphate do not appear to have contributed in any signif-
icance.

The low energy photoelectrons produce analysis of a sur-
face sensitive nature, which can also be utilised for the
XANES technique. Kawai[95] have shown that S (0.1–0.3%)
exists differently in the bulk and surface of fly-ash powders
(70% of particles had diameters less than 5�m) with simulta-
neous total electron yield and XRF measurements. The bulk
and surface S composition were characterized. The outer
surface exhibited S6+ while the core was a mixture of S2−
and S6+. They also indicated that the ratio of the oxidation
states varied depending on the sources of coal, and hence
this information has potential in discriminating such samples
[96].

Fe oxidation state ratios have received the focus of many
XANES studies[94], especially in glasses[97]. It follows that
XANES analysis could extend itself to forensic discrimina-
tion of glass. The glass industry has demonstrated application
in analysis of the depth dependence on the Sn, Fe and S oxi-
dation states in float glass[98]. In addition to analysis of
Fe2+ and Fe3+ ratios in glass, they have also been examined
in historic inks[99]. Work of Coumbaros using ToF-SIMS
demonstrates the presence of various inorganic elements as
well as the organic dyes[100]. It follows that there is scope to
enhance discrimination using XANES for these components.
Here, XANES analysis could be applied to identifying the
s anic
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4.3. Extended X-ray absorption fine structure (EXAFS)

High resolution analysis of absorption effects can addi-
tionally produce EXAFS spectra which extends approxi-
mately 1000 eV above the absorption edge for an elemental
transition. The information extracted from such spectra pro-
vides medium range order, giving type of ligating atoms
and very accurate metal–ligand distances, but little informa-
tion regarding coordination and active site geometry. Sample
preparation is minimal and does not require complicating
extraction, dissolution or concentration procedures.

Huggins et al.[101] performed XAFS analysis of S, Cl,
V, Cr, Cu, Zn, As, Br, Cd and Pb as well as Mossbauer anal-
ysis for Fe on NIST particulate matter SRMs 1648 and 1650.
This work demonstrates the ability to identify the specia-
tion of each element and produce a highly detailed descrip-
tion of the composition of a material. A major conclusion
indicated that differences in EXAFS data could be used as
characteristic signatures to source particulate matter. This is
rather more intensive analysis than XANES but is somewhat
more rewarding in characterizing samples, in particular when
analysed in parallel. Relative changes in coordination num-
ber between samples of borate glasses with equal elemental
(samarium) concentrations has been shown from XAFS spec-
tra [102]. Other highly detailed studies have been reported
where the metal contents of contaminated soils have been
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ource of inks as well as studying alteration of both org
nd inorganic components over time.

The amount of materials research available that u
ANES analysis demonstrates this as a powerful techn

or understanding the chemistry of compositional eleme
lthough there are not many examples of XANES anal
pplied to forensic samples, there is the potential of
easurements providing an additional degree of chara

ation. It is unlikely that XANES will add value to analy
f those types of evidence that yield highly discrimina
ulti-trace element profiles, it would appear to be of grea
tility where only a few elements are present. A case in p

s GSR, where elemental ratios are highly variable betw
articles from the same source.
haracterized[103,104]. While elemental compositions c
eflect a site of origin of soil material, the manner in wh
etals are incorporated is highly variable and reflect o

hemical information regarding the origins, e.g. pH, wh
ay not be able to be measured from trace evidence. M

n soils are bound in different forms depending on the c
cteristics of the bulk soil properties such as pH[105] and

he amount of organic matter[106].
To make EXAFS analysis more powerful, acquisition

-ray diffraction data can often be acquired on the s
eamlines and hence from identical positions used for
rating EXAFS spectra[107]. This can provide a high
etailed reconstruction of the composition of materials

s not available from any other instrumental setup. A com
ensive review of synchrotron techniques applied to geo

cal samples has been given elsewhere[108] including X-ray
bsorption, diffraction and fluorescence studies to chara

ze geological samples.

. X-ray diffraction (XRD) and scattering

Conventional XRD has been used to characterize
articles [109] and, soils and rocks[110]. Rendle[111]
as recently reviewed conventional XRD in forensic
nce. XRD is useful in the identification of mineral co
osition; however, data collection can be time consum
ynchrotron XRD alleviates this issue, and has the a

ional ability of providing 2D diffraction patterns. Furthe
ore, the application of synchrotron micro-beam techni
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allows for localised analysis. Broekmans et al.[112] inves-
tigated the application of synchrotron radiation XRD for the
analysis of ancient (third millennium BC) cooking pottery.
Data regarding the pottery’s mineralogy was used to make
inferences concerning pottery technology (i.e. clay prepa-
ration and firing techniques). Synchrotron XRD was also
used by Dooryhee et al.[113] for the analysis of art and
archaeological material in order to associate them with a
possible source, their provenance and means of manufac-
ture. Hard X-ray microprobe beamlines often have capabil-
ities to perform combined XRF mapping and spectroscopy
with micro-XRD[114]. Powder diffraction experiments per-
formed with synchrotron sources are also very rapid and
sensitive[115,116]. Other interesting reports include high
resolution experiments at SPring-8[117] and time-resolved
experiments at the ESRF[118]. Others have described micro-
diffraction of protein crystals at the ESRF[119] and sin-
gle crystals at the APS[120]. diffraction anomalous fine-
structure (DAFS)[121]and protein crystallography by single
and multiple anomalous diffraction (SAD/MAD)[122,123]
are also beneficiary techniques. Systems designed for diffrac-
tion experiments are becoming highly automated[124,125]
with high throughput[126]. Some beamlines have become
very versatile such as at the SRS where in addition to offer-
ing combined XRD and XAS, small- and wide-angle X-ray
scattering (SAXS/WAXS) are also offered on the one line
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from other volumes returns the same result within the error
of the instrument, i.e. the measurement is representative of
the bulk property. As the analysis volume is decreased, it
becomes more probable that fluctuations in the property will
arise from inhomogeneity. At some point, while the instru-
ment is still capable of an accurate measurement, the error
between alternative analysis volumes has increased beyond
the instrument error. To understand what the minimum size
of a useful piece of evidence is, it is necessary to find the
limit at which the real error between different volumes of
the same sample exceeds, by an unacceptable amount, the
instrumental error. What is of interest is to find the ultimate
limit of distinguishability, i.e. what is the smallest useful
piece of trace evidence that can be used for the purpose of
reliable comparison with its putative source or other related
pieces of evidence? Although statistics can be used to average
over many sample volumes, in microscopic pieces of mate-
rial there might not be sufficient amount of sample to obtain
such statistics.

Microheterogeneity is likely to be dependant on many
factors and vary between samples, materials and also on
the actual property being measured. Although a sample can
be broken down into smaller pieces until the limit due to
heterogeneity is deduced, it is impossible to say that one
fragment from another sample is also limited by the same
volume requirement for homogeneity. However, understand-
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127]. SAX can be applied to the analysis of microstruct
eatures in the 10–1000̊A domain and is often applied to ch
cterising size, shape and orientation of polymers and
aterials. WAX is typically performed in conjunction, whi
rovides information on a much smaller scale similar to X
ther examples of scattering experiment beamlines inc
igh energy diffuse scattering at the APS[128] and inelas

ic X-ray scattering at LNLS[129]. An interesting study b
iller et al. [130] used SAXS to investigate heating effe
n bone mineralisation, recognising the forensic and arc
logical applications. These techniques would also be u

n characterising the composition of GSR.
While capabilities regarding spatial resolution have

een exhibited, the combined analysis of a microp
or XRF, XAFS analysis and XRD experiments have b
emonstrated to be a compilation of techniques provi

ncredibly detailed compositional and structural informa
ith sensitivity and selectivity not possible without the
f a synchrotron source. Such papers demonstrate the

ty to characterize materials in high detail with high spa
esolution.

. Microheterogeneity studies

With the increase in spatial resolution, microheterogen
eeds to be considered when trying to infer bulk prope
ased on a technique which, although sensitive, is also h

ocalised. If a property is measured in a randomly chosen
me of a sample it is desirable that any subsequent ana
ng typical limitations can offer valuable assistance in ad
onfidence to the value placed on individual measurem
rom low sample numbers of minute evidence if other sam
f similar origin have been well characterized. Alternativ

t might give some indication to the number of minute pa
les required for an average to be derived that is represen
f the bulk material.

It is therefore necessary to clearly define the er
btained due to the experiment and real fluctuations in
entration. This has been demonstrated by Kempena
l. [69,131,132]. The former publication discusses var
pproaches, causes and descriptions of heterogenous
urements, and specifically discusses obtaining the cr
ass required for analysis to represent a homogenous s
y SXRF. Of most interest is the work that used micro-X
s a means of describing the microheterogeneity of N
RM 613 (trace-elements in 1 mm glass wafers), a glas
rence material. An X-ray beam of 5�m× 8�m was used t

nterrogate the NIST glass wafer at 441 positions (a 21× 21
rid pattern) and intra- and inter-regional variances in
RF intensities for many elements were measured. In
ay the minimum mass of glass analytically represent
f the entire specimen was estimated to be 0.1�g for cer-

ain trace elements (Ni, Cu, Zn, Ga, Ge, Se, Rb, Sr, Y,
o and Pb). At a later point[69], similar analysis of NIST
RM 613 was presented. In this subsequent publicati
onte Carlo model was used to assist in the study he
eneity. For a particle to appear homogenous for all o
lements measured in that study, a sample mass of a
00 ng was suggested. Assuming a density equal to th
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SiO2 (2.6 g cm−3), then this would relate to a spherical parti-
cle with a radius of∼21�m. However, other elements such
as Se only require 1 ng (or roughly a sphere of 4.5�m radius).
NIST SRM 610–617 glasses are commonly used for ele-
mental analysis. LA-ICP-MS analysis of these standards by
Eggins and Shelley[133] revealed that all the standards had
regions where at least 25 elements were either depleted or
enriched. Additional standards that are being employed for
LA-ICP-MS are the Schott manufactured float glass stan-
dards FGS1 and FGS2[46], which are also currently being
assessed by us using ToF-SIMS. Ongoing work by us has
demonstrated that tin penetrates into both the float and non-
float surfaces with concomitant depletion of certain elements
within the glass.

In addition to variability in concentration, microhetero-
geneity may also influence chemical features. Cho et al.[17]
observed variability between fibres from the same source
relating to microheterogeneity using IR analysis. EXAFS can
also be used to study heterogeneity of speciation of metals.
Sulphur species have been found to be inhomogenous in soils.
Sulphur compounds were quantified in bulk samples as well
as individual particles at hundreds of nm resolution[134].

Understanding microheterogeniety in trace evidence is
vital to enable confident discrimination and characterization
of samples and determining adequate sample size. Micro-
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potential for linking GSR with putative source ammunition;
synchrotron-based techniques have the capability to provide
valuable information. Substantial work has been devoted to
the exploration of elemental profiling as a means of compar-
ing glass specimens, but at what size does a microscopic par-
ticle no longer represent the bulk glass composition, and how
close to the float surface does the composition represent the
bulk?

Compared to conventional techniques, synchrotron tech-
niques are capable of providing the highest level of charac-
terization in a non-destructive manner. Due to a relatively
recent advent of the most powerful techniques, the potential
characterizing power achievable in the near future promises
to be an exciting time for taking trace evidence analysis to
limits not seen before.
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