IAEA-TECDOC-1669

Integration of

Nuclear Spectrometry Methods
as a New Approach to
Material Research



|ntegration of
Nuclear Spectrometry Methods
as a New Approach to
Material Research



The following States are Members of the International Atomic Energy Agency:

AFGHANISTAN
ALBANIA
ALGERIA
ANGOLA
ARGENTINA
ARMENIA
AUSTRALIA
AUSTRIA
AZERBAIJAN
BAHRAIN
BANGLADESH
BELARUS
BELGIUM
BELIZE
BENIN
BOLIVIA
BOSNIA AND HERZEGOVINA
BOTSWANA
BRAZIL
BULGARIA
BURKINA FASO
BURUNDI
CAMBODIA
CAMEROON
CANADA
CENTRAL AFRICAN
REPUBLIC
CHAD
CHILE
CHINA
COLOMBIA
CONGO
COSTA RICA
COTE D’IVOIRE
CROATIA
CUBA
CYPRUS
CZECH REPUBLIC
DEMOCRATIC REPUBLIC
OF THE CONGO
DENMARK
DOMINICAN REPUBLIC
ECUADOR
EGYPT
EL SALVADOR
ERITREA
ESTONIA
ETHIOPIA
FINLAND
FRANCE
GABON
GEORGIA
GERMANY

GHANA
GREECE
GUATEMALA
HAITI

HOLY SEE
HONDURAS
HUNGARY
ICELAND
INDIA
INDONESIA
IRAN, ISLAMIC REPUBLIC OF
IRAQ

IRELAND
ISRAEL

ITALY
JAMAICA
JAPAN

JORDAN
KAZAKHSTAN
KENYA
KOREA, REPUBLIC OF
KUWAIT
KYRGYZSTAN
LATVIA
LEBANON
LESOTHO
LIBERIA

LIBYA
LIECHTENSTEIN
LITHUANIA
LUXEMBOURG
MADAGASCAR
MALAWI
MALAYSIA
MALI

MALTA
MARSHALL ISLANDS
MAURITANIA
MAURITIUS
MEXICO
MONACO
MONGOLIA
MONTENEGRO
MOROCCO
MOZAMBIQUE
MYANMAR
NAMIBIA
NEPAL
NETHERLANDS
NEW ZEALAND
NICARAGUA
NIGER
NIGERIA

NORWAY

OMAN

PAKISTAN

PALAU

PANAMA

PARAGUAY

PERU

PHILIPPINES

POLAND

PORTUGAL

QATAR

REPUBLIC OF MOLDOVA

ROMANIA

RUSSIAN FEDERATION

SAUDI ARABIA

SENEGAL

SERBIA

SEYCHELLES

SIERRA LEONE

SINGAPORE

SLOVAKIA

SLOVENIA

SOUTH AFRICA

SPAIN

SRI LANKA

SUDAN

SWEDEN

SWITZERLAND

SYRIAN ARAB REPUBLIC

TAJIKISTAN

THAILAND

THE FORMER YUGOSLAV
REPUBLIC OF MACEDONIA

TUNISIA

TURKEY

UGANDA

UKRAINE

UNITED ARAB EMIRATES

UNITED KINGDOM OF
GREAT BRITAIN AND
NORTHERN IRELAND

UNITED REPUBLIC
OF TANZANIA

UNITED STATES OF AMERICA

URUGUAY

UZBEKISTAN

VENEZUELA

VIETNAM

YEMEN

ZAMBIA

ZIMBABWE

The Agency’s Statute was approved on 23 October 1956 by the Conference on the Statute of the IAEA held at
United Nations Headquarters, New York; it entered into force on 29 July 1957. The Headquarters of the Agency are
situated in Vienna. Its principal objective is “to accelerate and enlarge the contribution of atomic energy to peace,
health and prosperity throughout the world™.



|IAEA-TECDOC-1669

INTEGRATION OF NUCLEAR
SPECTROMETRY METHODSASA
NEW APPROACH TO
MATERIAL RESEARCH

Final report of a coordinated research project
20062009



COPYRIGHT NOTICE

All 1AEA scientific and technical publications are protected by the terms of the Universal Copyright
Convention as adopted in 1952 (Berne) and as revised in 1972 (Paris). The copyright has since been
extended by the World Intellectual Property Organization (Geneva) to include electronic and virtual
intellectual property. Permission to use whole or parts of texts contained in IAEA publications in
printed or electronic form must be obtained and is usually subject to royalty agreements. Proposals for
non-commercial reproductions and translations are welcomed and considered on a case-by-case basis.
Enquiries should be addressed to the IAEA Publishing Section at:

Sales and Promotion, Publishing Section
International Atomic Energy Agency
Vienna International Centre

PO Box 100

1400 Vienna, Austria

fax: +43 1 2600 29302

tel.: +43 1 2600 22417

email: sales.publications@iaea.org
http://www.iaea.org/books

For further information on this publication, please contact:

Nuclear Spectroetry and Applications Laboratory
International Atomic Energy Agency
Vienna International Centre
PO Box 100
1400 Vienna, Austria
Email: Official. Mail@iaea.org

INTEGRATION OF NUCLEAR SPECTROMETRY METHODS
AS A NEW APPROACH TO MATERIAL RESEARCH
IAEA, VIENNA, 2011
IAEA-TECDOC-1669
ISBN 978-92-0-121310-5
ISSN 1011-4289
© IAEA, 2011
Printed by the IAEA in Austria
October 2011



FOREWORD

In 2006, the IAEA initiated a coordinated research project (CRP) on ‘Unification of Nuclear
Spectrometries: Integrated Techniques as a New Tool for Material Research’ as one of the
elements of a project on ‘Improvements in Nuclear Spectrometry Applications . The major
objective was to assist laboratories in Member States in enhancing proper utilization of
nuclear analytical methods and to help them develop nuclear instruments for special
applications.

An overall objective of the CRP was to help Member States to improve characterization of
materials by the effective utilization of nuclear spectrometry instruments and techniques as
well as by developing integrated/unified instruments and analytical methodologies in support
of environmental pollution monitoring, industry, study of cultural heritage, human health,
agriculture, etc. These techniques can be used in small laboratories as well as in state of the
art synchrotron sources.

The specific research objectives of the CRP included development (or upgrading) of
integrated multifunctional instruments based on nuclear spectrometries and related techniques
as well as development of software for the handling and operation of integrated
multifunctional instruments, including data acquisition. The CRP also covered: devel opment
(or upgrading) of integrated analytical approaches/methodologies and software for processing
and presentation of data collected by multifunctional instruments, extension of the
applications of integrated/unified instruments; and synergistic and complementary use of
nuclear spectrometries, with the aim of assisting end users of nuclear spectrometries in
various fields.

The CRP covered a period of four years (2006-2009). Twelve laboratories from both
devel oped and devel oping Member States and the IAEA’ s Laboratories participated.

The first research coordination meeting (RCM) was held in Vienna, from 16 to 20 April 2007.
The participants presented progress reports, reviewed the status of the instrumentation and
methodologies available, and agreed on a detailed work plan for the CRP.

The second (final) RCM was held in Athens, Greece, from 11 to 15 May 2009. The
participants reviewed and summarized the overall research results of the CRP, assessed the
impact of the CRP and identified outstanding research related to integration of nuclear
spectrometry techniques and analytical methodologies. This publication presents the results of
the CRP.

The IAEA officers responsible for this publication were A. Markowicz and K. Will of the
IAEA Laboratories, Seibersdorf.
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SUMMARY
1. INTRODUCTION

During the last years the IAEA supported a substantial number of laboratories in Member
States in establishing nuclear spectrometry facilities for various applications. These
laboratories are being used in support of applied research, teaching and education in nuclear
science and technology as well as for providing analytical services for industry,
environmental studies, study of cultural heritage, food and agriculture and human health. In
most cases the nuclear analytical techniques such as energy dispersive X ray fluorescence
(EDXRF), particle induced X ray emission (PIXE), particle induced gamma emission (PIGE),
Rutherford backscattering (RBS), etc. are used independently and provide information on a
specific characteristic of the analyzed materials. In order to characterize the materials in a
comprehensive way or to improve the quality of the analytical services provided by the
laboratories, a combined use of a few techniques is often required. In recent years advanced
laboratories, such as synchrotron sources, started to perform measurements by use of the
integrated instruments and simultaneous processing of data where outputs of the analytical
techniques are used as inputs to a common data processing procedure. In this way the quality
of characterization of various materials by using multiple analytical techniques improved
considerably. In order to coordinate the research efforts of the laboratories towards better
integration and unification of nuclear spectrometries this CRP was proposed under the Project
D.3.03 ‘Improvements in nuclear spectroscopy applications’. The CRP has contributed to the
objectives of this Project by enhancing proper utilization of nuclear analytical methods in
Member States and helping them to develop nuclear instruments for special applications.

One of the major areas of integration was the application of synchrotron radiation sources for
X ray micro-fluorescence, micro-diffraction, X ray microscopy, micro-tomography, and
absorption techniques used for elemental analysis, 2D and 3D imaging and chemical
speciation. Portable XRF spectrometers were used with other techniques for integrated
applications and better utilization of the equipment. Software simulation programs were also
implemented to design integrated nuclear spectroscopy systems to optimize the measurement
geometries, detection limits, and spatial resolution. A combination of XRF-PIXE and PIXE-
PIGE setups and integration of data processing procedures were used to extend the
applicability range of the X ray emission techniques for a better characterization of the
materials.

Integration and unification of nuclear spectrometries were achieved including hardware and
software components, measurements and data collection, data processing and data
interpretation.

Six research contracts and six research agreements were awarded under the CRP. The results
of the studies carried out in the framework of the CRP have been published in a number of
research articles. The reference list including published and submitted research articles is
presented at the end of the document.

The CRP has assisted Member States to improve characterization of materials by the
utilization of nuclear spectrometry instruments and techniques as well as by developing
integrated/unified instruments and analytical methodologies. These techniques have been
applied as laboratory-based measurements as well as in synchrotron facilities. As a
consequence of this CRP, nuclear spectrometries have been more widely utilized and new



special applications implemented in support of environmental studies, industry, study of
cultural heritage, human health, agriculture and biology among others.

2. COUNTRY REPORTS

During the 2nd RCM, individual country reports were presented by the Chief Scientific
Investigators. In the presented reports a summary of the work carried out and achievements at
their laboratories related to integration and unification of nuclear spectrometry techniques was
given. The individual country reports are included in this publication. The specific outputs of
the CRP are presented in Table 1.

TABLE 1. SUMMARY OF THE CRP OUTPUTS

Output Achievements for individual countries
Integrated and AUL: PIXE-PIGE-RBS techniques have been integrated and
multifunctional automated controlled unattended 24 hr operation.

instruments with
technical documentation BEL-KJ/PVE: Micro-XRF + micro-Raman integrated in the

PRAXIS transportable instrument.

BEL-RVG: Optimization of EPXMA integrated with micro-
Raman spectroscopy, and EPXMA with micro-Auger and
micro-XRF spectroscopy.

CRO: PIXE and XRF integrated in one set-up.

CUB: XRD was refurbished and EDXRF automation was carried
out. Integration is conceptualized but needs to be
completed.

GRE: An integrated PIXE and XRF set-up was completed
(installed and operated) with technical documentation.

ITA: XRF and Raman portable equipment optimized for analysis
of works of art.

SLO: EDXRF and TXRF integrated in one set-up.

Software packages for AUL: PIXE-PIGE-RBS individual software analysis modules
handling and operation were completed.

of multi-functional BEL—-KJ/PVE: XRF and XRD 2D-scanning in IDL implemented.
Instruments

CUB: XRD and XRF modules were developed for control and
operation of the instruments.

ITA: Bench-top XRF and portable XRF software for gold and
painted layer analysis were completed.




Integrated software
packages for data
processing and
presentation

AUL: PIXE-PIGE modules only were successfully combined for
full matrix corrections.

BEL-RVG: EPXMA software upgraded to quantify low Z
element analysis.

CRO: Software package for combined PIXE and XRF excitation
was completed.

CUB: Software development is still in progress.

GRE: Software was completed for simulation of the PIXE induced
XRF measurements and optimization of experimental
conditions.

SLO: Integrated software for EDXRF and TXRF analysis was
implemented.

USA: Initial integration of confocal micro-XRF and micro
computed X ray tomography for visualization.

Improved analytical
methodologies based on
combined use of various
nuclear spectrometries

ARG: TXRF, IR and GC-MS techniques, micro-Raman
spectrometry and SEM-EDX in archaeometry.

AUS: SR-TXRF + XANES, micro-XRF + -XANES were
completed. GE-XRF+XANES were successfully integrated.

AUL: Automatic matrix corrections for oxides and light elements
up to calcium have been successfully tested on real
samples.

BEL-KJ/PVE: Integrated XRF, micro-XRF, Confocal — micro-
XRF, XANES, micro-XRD in combination with non-
nuclear techniques (Micro-Raman, UV and IR) were
applied to cultural heritage and geological - environmental
problems.

BEL-RVG: Characterization of different environmental samples
by combined use of EPXMA, micro-Raman and XRF.

CRO: PIXE and XRF were integrated, successfully, operated and
tested on reference materials.

GRE: Measurement and analysis conditions for the integrated
PIXE-XRF technique were optimized.

ITA: Pre-Colombian and contemporary gold alloy analyses were
carried out.

SLO: EXAFS in combination with TXRF + XRF + micro-PIXE
analyses were accomplished.




UAE: Materials processing and analysis methodology for XRD,
optical absorption, XANES and XMCD for diluted
magnetic semi-conductors were achieved.

USA: Initial integration of confocal micro-XRF and micro-
tomography accomplished.

New applications of
nuclear spectrometries
for better
characterization of
materials

AUL: New pseudo-Bragg law developed for Bremsstrahlung
background stripping in PIXE spectra of multi-elemental
matrices.

ARG: Synchrotron radiation, micro-XRF + SAXS for polymers
and SR — micro-XRF + XRD in human bones.

AUS: SR-TXRF + XANES of aerosols and silicon wafer surfaces
and confocal micro-XRF + XRF-XANES on human bones
samples.

BEL-RVG: EPMA - XRF, micro-Raman for preventive
conservation in museums, indoor aerosols versus health and
river sediment fingerprinting.

BEL-KJ/PVE: Milli-XRF applied to hidden paint-layers,
combined confocal micro-XRF, micro-XRD and micro-
XAS for geological applications; combined micro-XRF,
micro-XAS and micro-Raman for pigments identification
and investigation of ancient illustrated manuscripts.

GRE: Terrestrial analogue rock samples characterized using
multiple exciting X ray beams through PIXE induced XRF.

ITA: Temporal and spatial monitoring of pollution changes using
outdoor marble statues with field portable XRF.

SLO: Applications of EXAFS in plant physiology studies and
analysis of mineral composition of bee honey by TXRF to
determine botanical and geographical origin.

UAE: Optical absorption applied to band gap studies. XRD,
XANES and XMCD to study electronic properties of
diluted magnetic semiconductors.

USA: Developed standardized parameters for confocal micro-XRF
data acquisition. New material studies include inertial
confinement fusion targets, uranium oxide particles, paint
samples.




Research papers, reports,
conference contributions

Detailed list of publications is in Attachment 4.

ARG: 1 organized meeting, 3 contributions to conferences, 2
papers submitted, 1 paper published, 2 reports.

AUL.: 2 conferences, 2 journals, 1 external report.

AUS: 2 papers published, 3 reports, 6 conference contributions.
BEL-KJ/PVE: 6 papers published, 10 conference contributions.
BEL-RVG: 27 papers published, 30 conference contributions.
CUB: 2 papers.

GRE: 10 papers published, 11 conferences, 1 organized
conference, 2 workshops, 4 reports.

ITA: 1 paper published, 1 book chapter published, 4 papers
submitted, 2 conference contributions.

SLO: 7 published papers.

GER: 15 papers published (information submitted after the RCM).

Providing fundamental
knowledge of physical
phenomena

AUL: Non-empirical PIXE background spectra for elements up to
silicon automatically generated from theory.

AUS: Absorption phenomenon in TXRF-XANES was studied and
GE-XRF/XANES developed.

BEL-KJ/PVE: Immobilization of U** by reduction of U™ by
arseno-pyrite layers on iron-oxide particles in geological
deposits.

GRE: Obtained data on resonant Raman scattering (Al) and
cascade effect on Fe-L fluorescence lines.

ITA: Evaluation of XRF characteristic emission intensity ratios.
SLO: Prediction of artificial standards from basic principles.

UAE: Fundamental understanding of coupling mechanisms, from
electronic and magnetic properties in diluted magnetic
semiconductors.




The next Table presents overall assessment towards achieving the specific objectives of the
CRP.

TABLE 2. OVERALL ASSESSMENT TOWARDS ACHIEVING THE SPECIFIC
OBJECTIVES OF THE CRP

Specific objective Countries
Development (or upgrading) of integrated AUL, AUS, CRO, CUB, BE-KJ/PVE,
multifunctional instruments based on nuclear GRE, ITA, SLO

spectrometries and related techniques

Development of software for handling and AUL, CRO, CUB, ITA, BEL-KJ/PVE
operation of integrated multifunctional
instruments including data acquisition

Development (or upgrading) of integrated ARG, AUL, BEL-KJ/PVE, BEL-RVG,
analytical approaches/methodologies and CRO, CUB, GRE, ITA, SLO, UAE,
software for processing and presentation of data USA

collected by multifunctional instruments

Development of new applications of ARG, AUS, BEL-RVG, BEL-KJ/PVE,
integrated/unified instruments to assist end-users ~ GRE, SLO, UAE, USA
of nuclear spectrometries in various fields

Development of synergistic and complementary ~ ARG, AUL, AUS, BEL-KJ/PVE, BEL-
use of nuclear spectrometries RVG, GRE, ITA, SLO, UAE, USA

In summary, most of the initial objectives set at the beginning of the CRP have been achieved
and in some cases surpassed. All the participants agreed that the CRP effort was rewarding on
multiple levels including the following:

(1) The scientific achievements have advanced nuclear spectrometric knowledge and
methodologies for materials characterization.

(2) The development of new fundamental information.

(3) The development of new collaborative efforts.

3. FACTORS AFFECTING CRP

The members of the CRP identified the following factors affecting the overall performance of
the CRP during the three years of operation:

e Lack of reference materials for 2D and 3D micro-analytical techniques.



Lack of accurate fundamental parameters related to the specific area of the generation and
interaction of X ray s with matter.

The problems of representative sampling associated with the identification, handling and
manipulation of micro-samples.

Compatibility and integration/interpretation of the results for analytical techniques with
different information masses.

Insufficient time effectiveness and insufficient reliability when using integrated analytical
techniques.

A requirement for broad ranging expertise to effectively operate and maintain multiple
technique systems.

Lack of high-speed detection systems such as energy-dispersive pixelated detector
systems.

4. IMPACT OF THE CRP

The CRP has had the following specific impacts:

Dissemination of applied research into the public domain.

Increased collaboration and international networking.

Enhanced cooperation between natural and social scientists through collaborative research
and joint meetings.

CRP has enhanced and stimulated training for early-career scientists.

Improved scientific background for professionals in various applied fields.

Stimulated interest in new topics for member states (cultural heritage, environmental
applications, confocal spectrometries for micro-XRF and micro-PIXE analysis).

Integrated techniques in fundamental understanding of the properties of diluted magnetic
semiconductors were utilized.

Triggered new projects related to the subject of CRP, such as country framework program
to establish a XRF lab for cultural heritage and environmental applications, as well as
ARASIA projects for the UAE.

Bridged the gap and confirmed the need for small and large scale laboratories.

Identified gaps in fundamental knowledge which need to be re-assessed.

Improved characterization of materials by combining many techniques on one sample.
Improved laboratory infrastructure with additional instrumentation.

Improved matrix corrections for broad range of samples.

Increased ability for automatic batch processing of hundreds of samples, improving
sample throughput.

Developed user friendly GUI for sample lon Beam analysis utilized by non-specialist
external users (biologists, archaeologists, geologists, material and environmental
scientists) from 37 universities across Australia.

Enhanced use of the integration of nuclear and non-nuclear techniques, but also increased
standalone instrumental applications.

Identified XRS as the technique of choice in cultural heritage characterization.

Offered new analytical possibilities for the characterization of cultural heritage
artifacts/materials within country of origin.

Resulted in better understanding of the applicability range of integrated techniques
(micro-XRF and micro-Raman, micro-XRF and micro-XRD).



Demonstrated the necessity to combine macro- and milli-beam techniques for screening
prior to localized micro-scale investigations.

Advanced research into plant physiology by introducing quantitative analysis approaches.
Integrated SR-TXRF and XANES as very successful method for the speciation at trace
levels, applied to aerosol and silicon wafer analyses.

Combined SR-TXRF-XANES is now available for potential users at HASYLAB.
Increased the understanding of absorption as a limiting factor in SR-TXRF-XANES
resulting in the development of GE-XRF-XANES.

Identified the need for reference materials on the micro-scale and enhanced the
development towards this need based on new collaborations among CRP members.

PIXE induced XRF proved promising for the determination of X ray fundamental
parameters.

5. FURTHER RESEARCH RELATED TO THE SCOPE OF THE CRP

The participants of the CRP have identified the following research topics as being worthwhile
to pursue:

The further development of 3D-reference materials.

The complete integration of XRF-XRD.

Further investigation of alterations of the sample integrity during preparation,
manipulation and measurement procedures (for instance oxidation).

EXAFS investigations of As implants in ultra-shallow junctions together with NAA.

The integration of RBS into PIXE-PIGE modules.

A better understanding of atomic Bremsstrahlung background component in 5-16 keV
energy range of PIXE spectra.

A better understanding of the failure of additive Bragg rule for matrices above Z=13.

The digitization of the XRF controls and its implementation with the PIXE control
software.

The development of characterization protocols for handling and operating instruments
with different analytical range, resolution and broad range of samples.

The improvement and evaluation of the cost-effectiveness of characterization techniques.
Introduction and testing of new quantitative approaches in WDXRF analysis compared
with EDXRF.

The enhancement of our understanding and knowledge about fundamental phenomena
related to the interaction of X ray s with matter.

The expansion of the applications of X ray based techniques to the development and
characterization of new materials, food products, bio-fuels, pharmaceutical products.

The use of XRS for monitoring and screening of inorganic contaminants in olive-oil,
sunflower oil, fruit-juices together with other consumer products in compliance with
Restriction of Hazardous Substances (ROHS).

The improvement of instrumentation for imaging (large area detectors, better resolution of
optical focusing devices).

Characterization and elemental 3D imaging of biological samples.

Improved field portable instrumentation and suitable in situ methodologies for cultural
heritage investigations.



6. CONCLUSIONS AND RECOMMENDATIONS

The CRP has assisted Member States to improve characterization of materials by the
utilization of nuclear spectrometry instruments and techniques. This has been achieved
through the development of integrated/unified instruments and analytical methods which have
been implemented by laboratory-scale and synchrotron facilities, thereby increasing the
application of nuclear spectrometries across a wide range of disciplines, including
environmental issues, industry, cultural heritage, human health, geology, biology, agriculture
and food products.

Specifically, the CRP has developed/constructed/evaluated integrated multifunctional
instruments based on these nuclear spectrometries, as well as new software for handling and
operation of instruments including data acquisition, processing and presentation of data. This
has greatly assisted new end-users across a broad range of disciplines to take advantage of
these techniques.

Major accomplishments have been detailed in Table 1. Examples of multifunctional
instruments that were successfully integrated include TXRF-EDXRF, SR-TXRF-XANES,
PIXE-PIGE, PIXE-XRF, Micro-XRF and Micro-XRD, Portable XRF and Micro-Raman.
These techniques have been successfully applied for instance to the analysis of Pre-
Colombian and contemporary gold artifacts, discovery of hidden underlying Van Gogh in
“Patch of Grass”, identification of airborne-pollutants in New York Metropolitan Museum of
Art and Krakow Royal castle and pigments in Manos and Susques caves in Argentina.

Furthermore, several areas have been identified which need to be addressed by future research
including:

e Substantial inaccuracies of certain key fundamental atomic parameters, such as
fluorescence yields, Coster-Kronig transition probabilities, ionization cross sections

e Strong need for well-characterized 2D and 3D micro-reference materials.

e Development of protocols for handling and operating instruments with different
analytical range, resolution and sample characteristics for a broad range of materials.

e Handling and maintaining sample integrity during preparation and analysis.

e The improvement and evaluation of the cost-effectiveness of analytical techniques to
optimize competitiveness of XRS.

e Development of new applications

Future research in these areas is therefore important and could be pursued in future CRP
efforts.

The following recommendations resulted from the CRP:

(1) The outputs of this CRP should be made widely available to the analytical laboratories
and potential users.

(2) Taking into account the advantages and uniqueness of XRS techniques, a support should
be given to the efforts of States to establish, implement and effectively use these newly
developed techniques, instruments and methodologies.

(3) Mechanisms are needed to support the efforts of XRS community in the determination of
fundamental parameters, for example the international initiative on X ray fundamental
parameters.

(4) The participants have identified significant new research areas (see details in Section 5)
for possible support in the future.
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Abstract

The results for prehistoric pigments from excavations and pigments on coloured child bones from North
Patagonia, Argentina, are reported. To analyze their composition we used two micro-analytical techniques —

micro-Raman spectrometry and scanning electron microscopy coupled with X ray detector.

1. Introduction

Analyses of ancient paint pigments components could cast a light on ancient ritualistic
ceremonies and pigment preparation technologies, applied by early social groups for their art
[1-4]. The hypothesis of their peculiar life style demands evidence lines in order to draw out
their variety and differences among them. One of the ways to reconstruct the life style of this
ancient society is investigation of prehistoric pigments.

The objects of investigation presented here are excavated prehistoric pigments and coloured
child bones found in North Patagonia, This region is located to the South of the Colorado
River, including Rio Negro and EI Neuquén provinces.

The pigment powders were collected in the Carriqueo rock shelter archaeological site and the
colored bones of newborn come from Traful | cave. The buried remains of a baby (Fig. 1)
have been found in the archaeological layer corresponding to the period of about 8000-9000
years ago. The skeleton was laid on its back. All bones, including the ribs, were completely
articulated [5]. Significantly, the head and the first cervical vertebra were missing.
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FIG. 1. Skeleton (black-white photo) and pictures of coloured child bones.

Additionally, on both scapulas some vertebrae and ribs and one humerus (upper arm bone),
reddish-brown spots, dark blue and black areas were observed. These facts can suggest a
secondary funeral or some type of a ritual ceremony.

The task of our investigation was to determine and to compare the composition of prehistoric
pigments from excavated layers and pigments covering child bones to assess origin and
production techniques, as well as to investigate the recurrence of the pigments used in the
region [6-12].

We used two micro-analytical techniques, micro-Raman spectrometry (MRS) to look for
molecular composition and scanning electron microscopy coupled with energy-dispersive
X ray detector (SEM/EDX) to detect the average elemental composition of the investigated
samples. For the study of cultural heritage objects, MRS is one of the most informative
methods [13, 14].

2. Experimental

Prehistoric pigments samples were collected from different layers of an excavation. First of
all the pigment samples were divided into several colour groups according to different shades
of yellow, orange, red and brown; one pigment was green. When looking at the red pigment
samples, different shades could be distinguished, ranging from orange to dark red. Colour
indices were assigned according to Munsell Soil Charts [15].

MRS measurements were carried out by a Renishaw InVia unit with laser excitation at
785nm, in the range between 100 and 3200 cm™ with a spectral resolution of 2 cm™.
Spectrum accumulation was used to improve the signal-to-noise ratio.

Elemental analysis of the prehistoric pigments was performed on a JEOL JSM 6300 SEM
(JEOL, Tokyo, Japan) equipped with a backscattered electron detector (BSE), a secondary
electron detector (SE) and an energy dispersive X ray detection system was used. A Si (Li)
Xray detector PGT (Princeton Gamma Tech, Princeton, NJ, USA) was employed for
acquiring the X ray spectra. Accelerating voltage: 20 kV, current: 1 nA.
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3. Results and discussion

The Raman spectra collected from reddish spots show a weak haematite (iron (111) oxide, a-
Fe,03) band at 296 cm™ and a typical band of magnetite (Fe;0,) at 680 cm™. Usually red
ochre has been found in adult burials as a sign of special funeral ceremony. This natural
mineral consists of hematite (Fe,O3) as a red pigment.

Strong sharp bands in the spectral region appear at 500-600 cm™ and 1300-1600 cm™; bands
at 520 cm™ and 550 cm™ correspond to calcium oxalate (whewellite CaC,04xH,O and
weddellite CaC,04%2H,0) . The intense band at 1460—1490 cm™ is the result of overlapping
of three bands: 1464, 1477 and 1490 cm™ and can be assigned to the C=O symmetric
stretching mode of whewellite and weddellite. These detected calcium oxalates could be
explained by the reaction of calcium carbonate with oxalic acid produced by lichens present
in this site with a humid atmosphere on the surface of the child bones [16-21].

The Raman shift at 964 cm™ is ascribed to the phosphate stretching mode of hydroxyapatite.
Bone tissue is represented by apatite material that contains also carbonate components —
carbonate hydroxyapatite, with an approximate formula Ca;o(PO4)s(OH)(COs3).

The elementary composition of coloured child bone surface revealed by SEM/EDX shows a
high content of Ca and P corresponding to bone hydroxyapatite, whewellite and weddellite.
SEM analysis also demonstrates the presence of such elements as Fe, Al, Si, K, Na, Mg, Mn,
which are main components of the visible reddish spots on the bone.

Elemental analysis of the prehistoric pigments was fulfilled by SEM/EDX. For yellowish,
reddish, brown, beige pigments we detected Ca, C, O, Mg, Fe, Si, K, Na. Several pigments
contain S and Mg. This set of elements can form the following minerals: haematite, jarosite,
magnetite, and, additionally, phosphate compounds.

As a result of SEM/EDX analysis we can conclude that their basic component is yellow
(colouring mineral is goethite) or red ochre (colouring mineral is haematite) [22]. They also
contain inclusions of some minerals, such as jarosite, magnetite, oxalates, phosphates (see
Table 1). These minerals have suitable hardness to be powdered and used for paint pigments.

TABLE 1. MINERALS WITH SUITABLE COMPOSITION AND HARDNESS FOR
PREHISTORIC PIGMENTS CONSISTENT

Mineral Colour Hardness
Red ochre Fe,O3 +clay+silicate red 1,5-2 as talc-gypsum
Goethite FeO(OH) red-brown 1,5-2 as talc-gypsum
Erdit NaFe®*S,x2H,0 copper-red, red, black 2 as gypsum
Haapalaite 2(Fe, Ni)Sx1,6(Mg, Fe*") (OH), bronze red lastalc
Sideronatrite NayFe**(SO4), (OH)x3H,0  yellow, yellow-brown, 1,5-2 as talc-gypsum

paleorange

Metahohmannitr Fe**,[O(S04)2]x4H,0 orange-yellow 1,5-2 as talc-gypsum
Palygorskite (Mg, Al)2Si4010(OH)x4H,0  red-yellow 2-3 as gypsum -calcite
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Vashegytite Al11(PO4)9(OH)sx38H,0 red-brown 2-3 as gypsum -calcite

Jarosite KFe3(SO,4)2(OH)g amber yellow or brown 2,5-3,5 as calcite
Whewellite CaC,04xH,0 white 3 as calcite
Weddellite CaC,04%2H,0 white 3 as calcite

Elementary composition analysed by SEM/EDX demonstrated strong similarity among
pigments with the same colour shade, e.g. vinous — brown 2 and 26 or yellow — gold 8 and 9.
For two groups of pigments (pigments 13 and 20 and pigments 10, 11 and 24) the different
elemental composition was detected, although these pigments have the same colour shade.
They were probably prepared and used by different ancient social groups in different time
periods.

The results of elementary investigation allow us to suppose that green-grey pigment may be
formed by glauconite (terre-verte) (K, Na)(Fe, Al, Mg)(Al, Si)Si3O;0%x(OH), — (coloured
components — iron hydrates, magnesium oxide hydrate) and aluminosilicates

The chemical composition of the pigment 24 was compared to the element content of the
pigment visible on the child bone as reddish spots. It revealed a similar Al/Fe/Mg ratio:
17.1/13.2/1.6 for pigment 24 and 19/14/2 for the reddish bone spots. It is very likely that the
same pigment was used for funeral ceremony of the child. In case of the other investigated
pigments, the concentration of iron is higher than that of aluminium.

4. Conclusion

The basic component of the investigated prehistorically pigments is yellow or red ochre
containing iron oxides, which can give yellow, red or brown colours. The elements
determined as major components (Fe, Al, Si, K, Na, Mg, P) can form hematite, goethite,
jarosite, magnetite, and phosphates compounds.

Several groups of prehistorically pigments have the same colour shade but different elemental
and molecular composition which can be explicated that they were prepared and used by
different groups in different time period.

Based on the chemical composition of the investigated pigments we selected one red-brown
pigment which was characterised by a similar elemental content ratio obtained for the pigment
covering the prehistoric child bones. This information suggests us to conclude that this
pigment was employed for some ritual burial ceremony by ancient social groups living in this
region. In addition, considering that the Carriqueo rock shelter and Traful 1 cave are more
than 50 km away and separated by the Limay river, these results demonstrate that this
geographical situation was not a barrier for inhabitants of the North Patagonian region. On the
other hand, evidences of the use of similar pigments for rock paintings and drawings in this
area have been mentioned by several authors [17].
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Abstract

Archaeological samples are complex in composition since they generally comprise a mixture of materials
submitted to deterioration factors largely dependent on the environmental conditions. Therefore, the integration
of analytical tools such as TXRF, FT-IR and GC-MS can maximize the amount of information provided by the
sample. Recently, two black rock art samples of camelid figures at Alero Hornillos 2, an archaeological site
located near the town of Susques (Jujuy Province, Argentina), were investigated. TXRF technique, selected for
inorganic information, as well as FT-IR and GC-MS were employed in order to discover inorganic and organic
composition of the black pigments.

1. Introduction

Studies on rock art have an outstanding role in the development of Argentine archaeology, but
only a few attempts have been made to analyze the chemical composition of the paints used.

Following up with these studies about the components of prehistoric rock paintings, the
inorganic and organic components of two black rock art samples from the archaeological site
Alero Hornillos 2 (23° 13* 47 S, 66° 27’ 22’ W) were investigated. It is located in the
Quebrada Agua Dulce about 20 km northern of the town of Susques (Jujuy Province,
Argentina), at 4020 m above sea level.

The complete rock art represented on these cave walls is painted in black and in red colours
(from reddish yellow to dark red). These plain paintings constitute a simple panel with 17
almost complete figurative camelid figures and five schematized human figures. There are, at
least, three types of camelids: two legs black, four legs black and four legs red. All
representations are stylized, non-schematized small figures (Fig. 1). The paintings show
superposition of black and red figures, suggesting two manufacturing events: the first would
be the four-legged red camelids associated with the red anthropomorphic figures and the
second the four-legged black camelids. The two-legged camelids are not superimposed to any
red figure, but their execution could be associated with the other black motives. TXRF was
then selected as a micro-analytical technique for the inorganic characterization of the pigment
[1]. This technique is specially recommended, considering the small amount of sample (a few
micrograms) required for the analysis and the low detection limit achieved (in the part per
billion range).

FT-IR helps in a preliminary identification of the main molecular constituents present in
organic residues and in the selection of conditions of sample preparation for further analysis
by a more informative technique, such as GC-MS [2]. In order to search for the presence of
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organic compounds as binders, a combination of these spectroscopic and chromatographic
techniques were employed in both black painting samples.

The purpose of this work was to determine the nature of the black pigment, painting
preparation and application in order to enlarge the understanding of the artistic practices and
technological knowledge of the early inhabitants of this area in the northern region of
Argentina.

FIG. 1. Black camelid figures. The arrow points out the extraction site of the M10 black painting sample from one of the two
legs camelids. WSindicates rock weathered sector.

2. Experimental
2.1. Instruments

For TXRF measurements, an Xray Fluorescence spectrometer, composed of a Philips
generator, equipped with a fine focus Mo Xray tube was employed. Total reflection was
achieved by a TXRF module designed by the Atominstitut der Osterreichischen Universitaten.

Infrared spectra were obtained on a Nicolet Magna 550 Fourier transform spectrometer. For
each sample 32 scans were recorded in the 4000 to 400 cm™ spectral range in the
transmittance mode with a resolution of 4 cm™. GC was performed on a Hewlett-Packard
5890A chromatograph equipped with a flame ionization detector and an ULTRA 2 column
(30 m x 0.25 mm i.d.).

3. Conclusions

TXRF spectrum of sample M10 shows the presence of manganese (120 pg/kg for M10 and
180 ug/kg for M15) and iron (300 pg/g and 250 ug/g for M10 and M15, respectively) among
other major elements (sulfur and calcium). Further elements (potassium, vanadium, titanium,
rubidium, strontium and zinc) detected, coming from the rock support, are unfailingly present
in the taken samples. The high calcium and sulfur contents confirm the presence of gypsum,
also identified by FT-IR analyses, commonly used in rock paintings as an inorganic extender
of the pigment. The manganese content in both samples could be ascribed to manganese
dioxide used as a black pigment in rock art or to the presence of an umber, that is a dark
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earthy pigment containing manganese oxides in addition to iron oxides [3, 4]. The association
of iron and manganese in mineral phases is very common in nature and, in the region of
Susques where the archaeological site Hornillos 2 is located, there are numerous sources of
this kind [5-7]. This information together with the detected presence of manganese and iron
in both samples suggest that the black pigment is an iron and manganese oxide.

Looking for any lipidic residual organic compounds, fragments of both black samples were
extracted with a chloroform/methanol (2:1) mixture. Both samples contained appreciable
quantities of organic compounds: 962 ug/g (M10) and 36780 ug/g (M15). The extracts were
analysed by FT-IR showing the presence of organic components, most likely lipids. The most
important features were the presence of a broad carbonyl absorption band at 1729 cm™
together with bands attributable to C-H stretchings of CH3 and CH; groups at 2934-2861 and
1466-1387 cm™. The carbonyl band at 1729 cm™ could arise from fatty acids or from
acylglycerol groups. FT-IR spectra of vegetable oils and animal fats contain a strong, sharp
carbonyl band at 17501740 cm™ due to the ester group while fatty acids of these sources
show the carbonyl band around 1715 cm™. Therefore, broadening of the carbonyl band at
1729 cm™ in the spectra of the organic extracts of samples M10 and M15 indicate the
presence of acylglycerides of plant and/or animal provenance together with the formation of
free fatty acids by hydrolysis.

Analysis by GC-MS of the carboxylic acid methyl esters prepared from the lipids extracted
from the black painting samples (M10 and M15) showed that the main organic constituents
were palmitic (Ci60) and stearic (Cis:0) acids together with minor saturated (Ciso, Cis:o,
i50-C16:0, C17:0) and unsaturated (Cq6.1 and Cqg:1) fatty acids. The fatty acid distribution in both
samples, with a greater abundance of palmitic acid (Ce,) than stearic acid (Cis.0), is typical of
degraded animal fats. The small amounts of odd carbon numbered, straight-chain compounds,
specifically Cis9 and Ci7, as well as the presence of branched-chain iso-Cis point to a
ruminant animal source due to microbial activity in their digestive system. The presence of
bone remains of South American camelids, such as vicuna (Vicugna vicugna) and guanaco
(Lama guanicoe), in the archaeological record of the site reinforces this assumption. These
bone remains show evidences of having been processed in order to extract the marrow content
and the fat of the trabecular tissue.

The GC-MS total ion chromatogram of the fatty acid methyl esters of the lipids extracted
from sample M10 also showed the presence of minor saturated hydrocarbons of 22, 23, 24
and 25 carbons and a mixture of coeluting 24-methylcholestane (M*=386) and
24-methylcholestene (M*=384). Sample M15 contained, in addition to fatty acid methyl
esters, minor hydrocarbons and cholestane (M*=372), characterized by its molecular ion and
an intense peak at m/z 217 in its mass spectrum. The presence of n-alkanes together with
steranes and sterenes, presumably derived from sterols in higher plants [8], is not easy to
explain. These compounds are characteristic components of bitumens, mixtures of complex
natural hydrocarbons and oxidized products that have been used as adhesives [9], embalming
materials [10] and as black pigments [11, 12].

This paper has demonstrated that the combination of these three analytical techniques (TXRF,
FT-IR, GC-MS) allowed a complete characterization of the inorganic and organic components
of both black rock paintings. In nature, the geochemical affinity relating iron and manganese
elements enhances a variety of earthy pigments or rich clay materials, where the dark colour
is due to manganese oxides. These oxides associations were frequently used in rock art as
black pigments. Their naturally occurrence in mineral ores and different kinds of Earth’s crust
deposits is common in this region. The large gypsum content in the two painting samples is

21



consistent with the ancient mode of making these wall representations. However, one of the
most significant results of this investigation is the fact that the inorganic phase of these
paintings contains measurable amounts of organics components. The presence of lipids in the
organic residues associated to the rock paintings and the fatty acids distribution suggest an
animal source as a potential binder in the preparation of the paints. The presence of
unsaturated fatty acids (Cis:1 and Cigq) in the archaeological samples from Hornillos 2
indicates that the lipids were preserved under the favourable dry environmental conditions of
the Puna region. The results obtained in this investigation induce us to suggest that the early
inhabitants of this region employed at least three principal components to prepare their black
painting mixtures: (1) iron and manganese oxide (the pigment), (2) gypsum (the extender),
and (3) an animal fat (the binder). Apparently, the paint recipes of these cave-wall figures
were the same for both black camelid types, suggesting that both types were painted in a short
period of time [13]. Besides, the identification of gypsum in both samples allowed us to infer
that the painting pigment preparation consisted in grinding and mixing the iron and
manganese oxides and gypsum with a fluid animal fat as binder to perform the paintings. The
results of this research are the first report on the inorganic and organic components of rock
paintings in Northwestern Argentina and they contribute to enlarge the archaeological
knowledge of this region.
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Abstract

X ray Absorption Near Edge Structure (XANES) analysis was used in combination with Total reflection X ray
Fluorescence (TXRF) and micro X ray Fluorescence (U-XRF) analysis at different Synchrotron Radiation (SR)
facilities to perform elemental analysis and speciation at trace levels. TXRF-XANES was used to perform
analysis of contaminations on Silicon wafer surfaces and determine the oxidation state of Fe. Urban aerosols
were sampled size fractioned and the oxidation state of Fe was determined for each impactor stage again using
TXRF-XANES. Confocal p-XRF was used to localize Pb and Zn at articular cartilage sampled from
osteoarthritic human bones. The combination with XANES allowed identifying the oxidation state of Pb at the
tidemark between articular and calcified cartilage. The feasibility of XANES analysis at trace levels using
different SR-XRF setups was demonstrated.

1. Introduction

The X ray group of the Atominstitut in the research area “Radiation Physics” is working since
years on the development of special techniques in X ray Spectrometry. Research focuses on
the field of TXRF, angle resolved grazing incidence XRF for depth profiling and p-XRF; all
techniques are used with laboratory as well as synchrotron radiation sources. Due to its
properties the latter is not only highly beneficial for XRF analysis in general but enables a
combination of these techniques with X ray Absorption Spectroscopy (XAS) to perform
chemical speciation by determining parameters related to the local atomic structure of the
sample.Investigations range from environmental samples, Si wafer surfaces, medical samples
to fine art samples.

Topic of the proposed research was the integration of specific analytical X ray techniques
using synchrotron radiation as excitation source. It covered synchrotron radiation induced
TXRF (SR-TXRF) and p-XRF in confocal as well as conventional mode for elemental 2D
and 3D Xray imaging. Both setups have been combined with absorption spectroscopy
(XANES) in fluorescence mode for chemical speciation.

2. Overview of the research performed and the results obtained

2.1. Speciation of Feon S wafer surfaces with SR-TXRF XANES

SR-TXRF-XANES was used to determine the chemical state of Fe contaminations on a
silicon wafer surface. The ability to characterize chemically the contamination on silicon
wafers is of critical importance to the semiconductor industry. It provides information on
possible unwanted chemical processes taking place on the wafer surface and helps in
determining the true source of the contamination problem. This type of information is not
readily accessible with standard laboratory equipment. Main purpose of the study was to test
the method for a contamination issue as it could appear in a microelectronic VLSI
(Very-Large-Scale Integration) production fab. This project was done in cooperation with
M.A. Zaitz, IBM Microelectronics, Hopewell Junction, NY, USA.
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SR-TXRF XANES measurements were performed at the bending magnet beamline L at
HASYLAB using the Si(111) double crystal monochromator and a modified micro-XRF
setup. The vacuum chamber was removed and the wafer mounted on an X,y,z,0-stage. This
modified setup allowed TXRF measurements with scanning capability. A laminar flow hood
was used to prevent contamination during the measurement (Fig. 1). Prior to the SR-TXRF-
XANES analysis the wafer has been mapped using a laboratory TXRF analyzer (Rigaku
TXRF 300) to determine regions of interest showing the highest Fe contaminations (Fig. 2).
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FIG. 1. Experimental setup at Hasylab, Beamline L (adapted from Ref. [1]).
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FIG. 2. Laboratory TXRF maps (left) with marked regions of the areas scanned by means of SR-TXRF (right). The marked
regions on the left correspond to the areas on the right. The white boxes on the right localize the points of maximum Fe
contamination which were selected for further investigations (P21, P5 and P7), adapted from Ref. [1].
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It could be shown that SR-TXRF in combination with XAS enables a XANES analysis of
wafer surface contaminations even in the pg region within a reasonable time frame. The setup
allowed a spatially resolved multi-element analysis of the wafers surface. Additionally the
type of the contamination (residual, surface layer, bulk) and the chemical state of a specific
element could be determined. All these investigations can be done non-destructively using the
same experimental setup. The major problem of this setup is the measurement time and the
need for an intense and energy tunable X ray source. The wafer mapping and XANES scans
are time consuming particularly for such low sample masses. The XANES evaluation showed,
that a peak to background ratio below 10 for the element of interest in the fluorescence
spectra will cause serious problems for the interpretation of the data. Within the time frame of
48 hours 3 points of interest could be investigated. A determination of the oxidation state of
iron in the samples was possible (Table 1).

TABLE 1. OXIDATIONS STATES AND EDGE POSITIONS OF STANDARDS AND
SAMPLES, ADAPTED FROM REF. [1]

Compound Edge Position
[eV]
FeS Iron(I1)-sulfide 7117
FeCI2 Iron(I1)-chloride 7119
FeSO4 Iron(l1)-sulfate 7119.5
Fe304 Iron(l1,111)-oxide 7119.5
FeC204 Iron(I1)-oxalate 7120.5
(NH4)2Fe(S0O4)2 Ammonium-Iron(I1)-sulfate 7122.5
NH4Fe(S04)2 Ammonium-Iron(l11)-sulfate 7123
Fe203 Iron(111)-oxide 7123.5
Fe(NO3)3 Iron(I11)-nitrate 7125
Fe2(S0O4)3 Iron(lI11)-sulfate 7126
Wafer at P5 Fe(111) 7125
Wafer at P7 Fe(ll) 71215
Wafer at P21 Fe(l1) 7124.5

However, for the determination of the iron compound satisfactory results could be achieved
for only one point (P5). The evaluation of the other points (P7, P21) using a linear
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combination fit procedure was not satisfying due to the low Fe concentrations and the limited
measurement time resulting in a poor signal to noise ratio of the XANES spectra.

The evaluation of the XAS data revealed that the iron contamination in point P5 was a
mixture of iron compounds dominated by iron-nitrate (Table 2).

TABLE 2. RESULTS AND FIT PARAMETERS OF THE BEST FIT FOR P5 ADAPTED
FROM REF. [1]

Fe203 Fe(NO3)3 Fe2(SO4)3 | R-factor Chi-square
[%] [%] [%]
P5 26+ 7 48 + 8 26 £10 0.001424 0.1478

Although the evaluation for P5 showed a low statistical uncertainty (Fig. 3) it could not be
concluded that the contamination is a mixture of iron-nitrate and iron-sulfate exclusively.
Within the frame of this feasibility study it was not possible to compare the Fe contaminations
with every possible Fe compound. However, the presence of iron-nitrate and iron-sulfate on a
contaminated wafer shows that several chemical reactions are taking place. The iron-sulfate is
particularly surprising and we are trying to better determine why or how it was formed. This
will be topic of further investigations. Details can be found in Ref. [1].
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FIG. 3. Result of the best linear combination fit for sample P5, adapted from Ref. [1].
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2.2. FeK-edge TXRF-XANES of atmospheric aerosols collected in the city of Hamburg

To understand the effects of aerosols on human health and global climate a detailed
understanding of sources, transport, and fate as well as of the physical and chemical
properties of atmospheric particles is necessary. An analysis of aerosols should therefore
provide information about size and elemental composition of the particles and - if desired -
deliver information about the chemical state of a specific element of interest in the particles.
Using the combination of SR-TXRF and XANES analysis it was possible to investigate the
elemental composition of size fractioned atmospheric aerosols and the oxidation state of Fe in
the aerosols even for small sample amounts due to short aerosol collection times. This project
was accomplished in cooperation with Prof. J.A.C. Broekaert and Dr. U.E.A. Fittschen,
Department of Chemistry, University of Hamburg, Hamburg, Germany.

The aerosols were collected in the city of Hamburg with a low pressure Berner impactor
(Fig. 4 left) on Si carriers covered with silicone (to prevent “bounce off” effects) over time
periods of 60 and 20 min each. The particles were collected in four and ten size fractions of
10.0-8.0 um, 8.0-2.0 um, 2.0-0.13 pum 0.13-0.015 um (aerodynamic particle size) and 15-30
nm, 30-60 nm, 60-130 nm, 130-250 nm, 250-500 nm, 0.5-1 pm,1-2 um, 2-4 pm, 4-8 um,
8-16 um. SR-TXRF measurements were performed using the setup for TXRF comprising a
vacuum chamber at HASYLAB bending magnet beamline L equipped with a sample changer
capable of carrying eight samples at a time.

The results from the SR-TXRF analysis of the aerosols showed that 20 min of sampling time
gave still enough sample material for elemental determination of most elements. Fe K-edge
SR-TXRF-XANES analysis of the samples revealed that Fe was present in the oxidation state
of three (predominately in the form of Iron(l11)-oxide) in all collected aerosols (Fig. 4 right).
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FIG. 4. Left: Principle of size fractioned direct sampling on S wafers with a Berner impactor. Right: XANES Spectra of

impactor stage. Adapted from Ref. [2].
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This corresponds to other studies on the oxidation state of Fe in aerosols although in rain and
cloud samples high amounts of Fe(Il) were reported. Possible reasons why exclusively Fe(l1)
was found in the aerosols analyzed here may be the place or the height where the aerosols
have been collected, or some oxidation which may have occurred during the condensation
process. Finally it can not be excluded that oxidation took place during storage or sampling,
even though the sampling time was kept short and the samples were stored under Argon
atmosphere. Further studies will have to focus on these problems. Details can be found in [2].

One of the main threats to human health from heavy metals is associated with exposure to
lead (Pb), which is associated with chronic diseases in the nervous, hematopoietic, skeletal,
renal and endocrine systems. Once incorporated through ingestion or inhalation, Pb
accumulates in the skeleton. However, little is known about how Pb is distributed in calcified
tissue on the microscopic level. Therefore our group studied the distribution of Pb in human
bones slices using synchrotron radiation induced micro X ray fluorescence analysis (SR p-
XRF) in scanning and tomographic mode. The project is performed in cooperation with the
Ludwig Boltzmann-Institute of Osteology, Vienna, Austria.

Results were obtained by using the confocal microbeam setup at HASYLAB beamline L.
With this setup a quasi-cubic detection volume, defined by the overlap of the focal cones of
the two X ray optics (one in the primary beam, the second one in front of the energy-
dispersive X ray detector) was used for analyses. Since this variant of SR u-XRF offers the
possibility to perform depth sensitive analysis it was used to determine the three-dimensional
distributions of Pb and other (trace) elements in human bone with an resolution of about
10-20 um (lateral and in depth).

2.3. Determination of the distribution of Pb in bone and cartilage of patients suffering from
bone diseases

From this measurement a very local distribution of Zn and Pb at the tidemark (the border
between non-mineralized and mineralized cartilage) could be detected. These novel results of
the specific accumulation of Pb in the tidemark of human bone may lead to further
understanding and research on the effects of Pb on cartilage, bone biology and
biomineralization.

Osteoarthritis (OA), the clinical syndrome of joint pain and dysfunction caused by joint
degeneration, affects more people than any other joint disease. The incidence of osteoarthritis
rises precipitously with age; as a result, the prevalence and burden of this disorder is
increasing rapidly. The histological disease pattern of OA in human joints includes fibrillation
of articular cartilage, clefting, and cartilage loss. Besides cartilage lesions, a thickening of
subchondral bone as well as tidemark duplication is observed in OA. The appearance of
multiple tidemarks indicates additional cartilage calcification and it is believed to be a sign of
increased turnover in the affected joint. To date very little is known about the role of trace
elements in normal articular cartilage and subchondral bone and even less is known about
their role in diseases such as osteoarthritis. In a recent study [3] we could demonstrate that the
formation of tidemarks is accompanied by an accumulation of the trace elements lead (Pb)
and zinc (Zn) at this zones of calcification in joint bones with no macroscopical signs of OA.
The purpose of this study was to determine the elemental distribution, with special emphasis
on Zn and Pb, in articular cartilage and subchondral bone from human femoral heads with
different degrees of OA.
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A pilot study with one osteoarthritic bone sample has shown that the typical duplication of the
tidemark in case of OA using BSE imaging (Fig. 5). Interestingly a differential accumulation
of trace elements when compared to the normal human samples as shown previously was
found.
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FIG. 5. BE image and elemental distribution of Ca, Zn, S and Pb in a human patella showing tidemark duplication. Distinct
differencesin the metal distribution patterns can be seen, when comparing to Figure 1 (single tidemark).

There is still a strong correlation between the distribution of Pb and Zn, but the intensity of Pb
in the inner tidemark is 3-fold higher then in the outer one, while the Zn intensities are equal.
The results shown suggest a correlation of the Zn and Pb intensities, but in case of double
tidemark the Zn and Pb intensities are obviously not correlated. Compared to subchondral
bone the Pb intensity from the inner tidemark is about 36-fold higher and Zn intensity is
approximately 5-fold higher in both — the inner and outer tidemark. This shows that
differences at the older and the younger tidemark can be detected with confocal
SR-UXRF [4].

2.4. Determination of the oxidation state of Pb in articular cartilage

As explained the previous chapter it could be evidenced by applying SR pu-XRF in confocal
mode that Pb accumulates very specifically in the tidemark. However, the mechanism of Pb
storage in the tidemark is unknown. There are reports in literature, that Pb replaces Ca*? ions
in hydroxyapatite (HA), which could also be the mechanism of binding Pb at the tidemark.
On the other hand the different chemical composition of articular cartilage (e.g. high
S content) would allow for other Pb compounds, such as sulfates, sulfides, carbonates and
oxides. Both, the differences in the composition, as well as the high affinity of Pb to HA
motivate a study aiming the chemical speciation of Pb in the tidemark. Objective of this study
was to use spatially resolved X ray absorption spectroscopy at the Pb-L; edge as a fingerprint
method to determine the species of Pb at the tidemark. The project is performed in
cooperation with the Ludwig Boltzmann-Institute of Osteology, Vienna, Austria.
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Experiments have been carried out at the SUL-X Beamline at ANKA using p-XANES in
fluorescence mode. The continuous Xray spectrum from the wiggler has been
monochromatized by a Si(111) double crystal monochromator. Focusing of the primary beam
to a spot size of about 250x250 um was accomplished by KB optics. u-XRF line scans across
the border between non-calcified and calcified cartilage have been performed to determine the
position of the tidemark, which was the measurement position for the u-XANES experiments.
X ray absorption spectra have been recorded by tuning the excitation energy in 0.5 eV steps
across the L3 absorption edge of Pb (13035 eV) while measuring the Pb-La fluorescence
signal with an 7-element SiLi detector. We could show that it is possible to perform Pb-LIII
XANES at the tidemark of human articular cartilage. A set of standard Pb compounds, which
were expected to be present in bone and cartilage have been prepared as pressed pellets and
were analyzed in order to be compared with the results from the human bone sample: three
Pb-substituted hydroxyapatites (one with increased carbonate content), three PbO compounds,
PbCl;, Pb(NO3),, PbS, PbCO3, PbCO3xPb(OH), PbO,, and PbSO,. Preliminary results of the
XANES analysis showed that Pb present in human bone is most likely bound to
hydroxiapatite. The best agreement between XANES spectra of the sample and reference
materials was found for carbonated HA (i.e. HA with increased carbonate content).

The XANES spectrum obtained at the tidemark show great similarity with XANES spectra
obtained from Pb-HA (Fig. 6). But small deviations have been observed and need to be
further investigated [5].

FIG. 6. Comparison of all measured reference substances and a human patella sample (G3776). The spectra are displaced
vertically for clarity.

3. Conclusions

Within the frame of this CRP the successful integration of XRF using synchrotron radiation
with absorption spectroscopy was demonstrated to combine the elemental analysis at trace
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levels (SRTXRF) as well as with high spatial resolution (u-XRF) with speciation (XANES).
Several examples from industry, environment and medicine showed the applicability.

[1]
[2]
3]
[4]
[5]
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UNIFICATION OF PIXE, PIGE AND RBS ION BEAM ANALYSIS TECHNIQUES
FOR USE AS A SINGLE PACKAGE FOR SAMPLE CHARACTERIZATION IN
ENVIRONMENTAL AND MATERIALS RESEARCH

D. COHEN, R. SIEGELE, M. IONESCU

Australian Nuclear Science and Technology Organization (ANSTO),
Menai,

Australia

Abstract

The accelerator based ion beam analysis techniques of PIXE and PIGE using 2-3 MeV protons have been
combined into one software analysis package which includes matrix corrections from PIGE for light elements
being iteratively fed back into the matrix corrections for PIXE. This package can run in batch mode analysing
hundreds of spectra at a time for elemental concentrations from fluorine to uranium to for concentrations from
pg/g to 100%. This software package is called ‘doiba’ and has been published as an ANSTO external report.
Future work is ongoing to include the proton Rutherford Backscattering technique as well into this doiba
package particularly for carbon, nitrogen and oxide matrix corrections.

1. Introduction

ANSTO operates two accelerators: the 10 MV ANTARES accelerator (Fig. 1), and the 2 MV
STAR accelerator (Fig. 2). Each of these has a number of beam lines and supporting facilities.
These accelerators and their associated ion beam capabilities are the focus of the research for
this particular project. ANTARES provides ion beams with energies from approximately 3
MeV to 100 MeV, depending on the ion species, with beam current intensities up to a few
microamps. This facility has 3 ion sources for injection into the accelerator terminal, 3 high
energy Accelerator Mass Spectrometry (AMS) beamlines and 2 high energy lon Beam
Analysis (IBA) beamlines including a state of the art world class high energy, heavy ion
microprobe.

Applications include, surface and bulk analysis of solid state materials, environmental
pollution monitoring, archaeological artefact elemental determinations, studies of pigment
composition in paintings, biological studies using tracer elements and studies of geological
material.

The STAR Tandetron accelerator can produce a wide range of light and medium ions, with
energies from a few hundreds of keV to 6 MeV, and are used for a diverse range of activities
in the fields of materials analysis, biological and environmental studies, as well as basic
nuclear physics. The STAR accelerator also has an AMS **C beam line used for routine radio
carbon measurements.

One beamline has a target chamber and data collection facility for simultaneous PIXE, PIGE
and RBS. Sample holder can take up to 60 samples in vacuum and measurement of samples is
automated.

A second IBA beamline is a Multi-Angle Detector Positioning System — XYZ Target
Manipulator — UHV target chamber with charged particle detectors for depth profile
measurements of light elements such as hydrogen, carbon and oxygen, using forward recoil
and nuclear reaction techniques. These are used for measurement of water turnover in desert
lizards using 'O as a biological tracer, depth profiling of ion implanted species in
semiconductors.
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FIG. 2. STAR accelerator. STAR beamlines.

All these techniques rely on MeV ions from low to medium positive ion accelerators. PIXE
and PIGE are used for elemental analysis and RBS is used for depth profiling of elements in
environmental, geological and functional materials samples. All these accelerator based ion
beam analysis characterization techniques are non-destructive, have high sensitivity, are
suitable for most elements in the periodic table and provide short measurement times.

It is well established that PIXE is mostly used for elements with atomic numbers above Al.
For medium proton energies of a few MeV created by common ion beam accelerators, the
PIGE technique is mostly suitable for light element analysis, like Li, Mg, Na and Al, where
the cross sections for gamma ray production tend to be larger.

On the other hand, RBS is ideally suited for determining the depth distributions of trace
elements heavier than the major constituents of the matrix or the substrate or for determining
absolute matrix compositions for light elements such as carbon, nitrogen or oxygen.

We are currently developing the capability for using a combination of PIXE, PIGE and RBS
simultaneously, as a single stand-alone package for quantitative elemental analysis. This
integrated capability will take advantage of the strength of each individual technique,
providing a better tool for characterization of materials. Each technique provides unique
sample matrix information which can be iteratively fed back into the quantitative
concentration estimates to produce more reliable results. In addition, this tool will be designed
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to handle the analysis of a large number of samples and spectra in a batch mode, increasing
the efficiency of the total analysis process.

2. Overview of results to date

ANSTO commenced this Project in January 2007. The proposed work plans for Year 1 (2007)
and Year 2 (2008) are shown below.

Work plan year 1 (2007):

Establish the main architecture of the software.

Design the main modules of the software.

Write the PIXE module.

Test the PIXE module on variety of matrices.

Establish calibration methods for PIXE and verify them using standard reference
materials.

e Report results.

Work plan for year 2 (2008):

e Write the PIGE analysis module, which will consist of two modules, a basic fitting
module and a module calculating concentrations using a calibration and some first order
matrix correction.

e Test the individual PIGE modules on variety of matrices.

e Establish calibration methods for PIXE and PIGE and investigate if and or within which
limitations a matrix independent calibrations is possible.

e Integrate the PIXE and PIGE models and use an iterative approach to calculate the matrix
assuming basic oxides.

e Verify new combined module using standard reference materials.

e Report results.

To date we have successfully achieved most of the first two years’ work plans by producing
an analysis system called ‘doiba’ which combines both PIXE and PIGE nuclear analytical
methods in the one package. This has been written up in an extensive Manual, which has
been published as a refereed ANSTO External Report E756 [1], and can be obtained upon
request from the authors.

In particular our two year achievements to date include:

e Established the range of elements and their concentrations in most matrices for PIXE

e Defined optimal PIXE backgrounds and background subtractions from theory and
experiment.

e Determined typical accuracy and precision estimates for PIXE, important for later iteration
criteria.

e Tested range of ways to ulitise PIGE matrix data with PIXE matrix and trace element data.

e Published a ‘doiba’ manual on PIXE-PIGE combinations and several journal publications
on bremsstrahlung backgrounds and detector efficiencies for PIXE [2, 3].
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2.1. The ANSTO ‘doiba’ software package

The “doiba’ software package has been developed to use PIXE and PIGE analysis without the
need to provide the matrix composition for thick sample analysis. In this mode the results of
both the PIXE and PIGE analysis are used to iteratively calculate the matrix composition.
However, PIXE and PIGE can not determine the matrix composition completely, since a
number of elements, namely light elements such as oxygen, nitrogen, carbon and hydrogen
can not be measured by either technique.

As a consequence the fraction of these light elements has to be estimated independently. To
estimate the matrix composition using the PIXE and PIGE results, two different modes have
been implemented. In the first mode, the so called iterative mode, all the concentrations
resulting from the PIXE and PIGE analysis are summed. If the sum is less then 100% the
missing fraction of the composition is assumed to be made up of the light elements. Since it
Is not possible to know, how this fraction is divided up into the light elements one of these is
chosen. This element is set by the so called Dark Matter Element. The name Dark Matter
Element was chosen, because is not detected by either PIXE or PIGE. In most cases this
element will be oxygen, but it can be defined by the user as any other element.

The second mode, the so called oxide mode, calculates the oxygen content from the elements
measured by PIXE and PIGE using the oxide form of these elements. The particular oxide
form of each element is defined by the user.

In doiba the sample analysis is a multi-step process. The first step is to fit the experimental
spectra and extract peak areas (Fig. 3), while in the second step the peak areas are converted
into concentrations.
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FIG. 3. Automatic fit to a PIXE spectra, both peaks and background are fitted in batch mode.
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The first step is performed by the code Run Batty and the second by Run Concs. A two step
process is used to allow the fitting of the spectra to be optimised first. This step may have to
be performed a couple of times before the best fit to the data is found. The fit has to be
optimised so that the fitted background realistically represents the bremsstrahlung background
in the spectrum, but also to capture all the elements present in the sample.

Run Concs calculates concentrations from the peak areas extracted previously by BATTY.
The behavior of Run Concs code changes depends on whether the PIGE analysis was turned
on or off, if thin or thick targets were selected, and most importantly if an iterative calculation
of the matrix composition was selected.

When PIGE analysis is turned on both PIXE and PIGE concentrations are calculated and the
results are combined in a single data file. Otherwise only PIXE concentrations are calculated.

For both PIXE and PIGE results the stopping of the ion beam in the target material is taken
into account, while for PIXE the self-absorption of the X ray s is included as well. In order to
account for this the composition has to be known, before the calculation is performed.
Although in principle the composition can be determined from the two measurements, this is
not straight forward since not all elements can be measured. Hence a number of different
ways can be selected in the analysis software to determine the composition. A complete
explanation of doiba is provided in the Manual [1].

2.2. Slicon detector dead layer estimates

In order to properly predict backgrounds in PIXE spectra it was important to fully understand
the Si(Li) detector’s low energy X ray efficiency (below 3 keV). This energy region of the
detector is greatly affected by the silicon detector dead layer which nominally is between 0.1
and 0.3um thick for these types of detectors.

Figure 4 shows typical calculated efficiencies with X ray energy for 0.1 and 0.5 pm dead
layers, showing how important it is to be able to accurately measure this dead layer thickness.
We have developed a novel method for doing this using the secondary electron
bremsstrahlung for carbon and beryllium targets. This is published in Ref. [2] and examples
of the effects on PIXE secondary electron bremsstrahlung for a range of dead layer thickness
are shown in Figure 5.
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2.3. PIXE bremsstrahlung estimates

We have also considered the three main components of bremsstrahlung background from
heavy ion bombardment of solid targets in an attempt to predict X ray backgrounds for any
target matrix. The three main components are quasifree electron bremsstrahlung (QFEB),
secondary electron bremsstrahlung (SEB) and atomic bremsstrahlung (AB). The theoretical
cross sections for these are shown in Figure 6. The total bremsstrahlung is the sum of these
three components.

Figure 7 shows the calculated total bremsstrahlung form a range of light matrices bombarded
with 3 MeV protons. The heavier the target the higher energy X ray s are produced. The low
energy cutoff around 1-2 keV is due entirely to the Si(Li) detector efficiency in this region.

Figures 8 and 9 show the comparison of experiment with theory for 2.6 MeV protons on a
thin Teflon target (CF,) and a thin Kapton target (C2,H10N2Os),. The fits are excellent with
the only difference fit parameter being one scaling factor across the whole energy range 1-10
keV.There appears to be some evidence for a Bragg type summation rule as with stopping
powers of ions for matrix elements below silicon and X ray energies between 1 and 10 keV.
A full description of the experiment and the detailed results can be found in Ref [3].
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2.4. Inclusion of Rutherford Backscattering (RBS) in doiba

We have not yet been able to progress to the next and more difficult phase of including RBS
into this PIXE-PIGE doiba combination this was planned for the final year. The workplan for
the third year (2009) is shown below.

Work plan for year 3 (2009)

e Develop an RBS simulation module that simulates an RBS spectrum from the PIXE and
PIGE results which can be compared with measured RBS spectrum.

e Test the individual RBS module on variety of matrices.

e Design the User Interface that facilitates the use of additional information (oxides and
other boundary conditions) to constrain the results.

e Integrate the PIXE, PIGE and RBS modules.

e Test the integrated software on variety of matrices.

e Reporting of the results.

This plan will take significantly longer than anticipated to complete as the inclusion of the
RBS phase into the doiba software is proving to be much more complicated than expected.
Basically including PIGE into the PIXE matrix corrections has taken 30 months to complete
successfully. Then putting RBS into both PIXE and PIGE matrix combinations provides
many more possible solutions and combination to test and trial. Going from a two way to a
three way matrix correction and making that consistent with all three techniques
simultaneously is quite complicated and may not necessarily have a unique solution. So
compromises have to be reached and we have not yet decided on how to best handle these
compromises to produce the most likely solutions.

3. Conclusions

The two year plan has been successfully completed in about 30 months, PIXE and PIGE have
been included into a doiba software package. Including the third RBS options is proofing to
be much more problematic and could take another 15 months or so at least at this stage. We
understand the RBS technique completely but producing results that are also consistent with
PIXE and PIGE results in a batch mode operation for a very broad range of matrices is
proving to be a non trivial task.
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Abstract

Various analytical techniques such as confocal p-XRF, pu-XAS, u-XRD, p-Raman spectroscopy were applied for
investigation of geological and environmental materials (sediments and individual particles), and cultural
heritage objects (paintings, glasses, metal aretefacts). The results of selected applications are presented.

1. Proposed work plan in previous progress report

In the report prepared for the previous CRP meeting (April 2006, Vienna), the following
fields of activity were put forward:

e Application of PXRF, primarily for screening purposes of 19-20th and 15-17th century
paintings, in order to document better the evolution of the pigment usage in there periods
of technological improvement.

e Construction of an optimized laboratory-based confocal u-XRF and use of this instrument
for non-destructive paint layer characterization in small paintings, possibly in combination
with other spectroscopies.

e Application of confocal p-XRF, in combination with u-XAS and pu-XRD and with
imaging microtomography for investigation of geological and environmental materials of
various nature (mainly actinide containing sediments and particles) that have undergone
partial chemical or physical changes due to interaction with the natural environment they
are in contact with.

e Application of scanning p-XRD, either in two or three dimensions for the phase
distribution characterization of materials of environmental, geological or cultural heritage
origin (e.g., inclusions in homogeneous minerals, paint multi-layers, corroded
archaeological glass, metal artefacts covered with enameled layers or inlayer with
precious materials, ...).

In most of these fields, interesting results were obtained that are presented below.
2. Results

2.1. Application of PXRF for screening purposes of 19-20th and 15-17th century paintings

A large number of paintings by the 19" to 20™ century painter James Ensor were analysed by
means of PXRF (Fig. 1). The aim of this investigation was to document the relation between
the pigment usage and style of painting during the different periods of activity of Ensor.
During the period that he paints in a conventional manner, he also uses mainly conventional
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pigment materials; however, as soon as newer pigments (such as Paris Green or Mars Yellow)
become available, he start painting in what is known as the ‘luminous’ style.

FIG. 1. “L’intrige” by J. Ensor. The circlesindicate the locations that were analyzed by means of PXRF.

The three 15" century panels showing “Angels playing music” by Hans Memling (Fig. 2), one
of the painters of the so-called “Flemish primitives” school, were examined by means of a
combination of different portable and non-destructive analysis methods. These included
PXRF, far and mid infra red spectroscopy, UV-fluorimetry and UV-fluorescence decay
measurements. Part of these measurements were performed by means of our own equipment
and part of it was performed by means of the portable analysis equipment of MOLAB,
University of Perugia.

The photograph below shows several of these compact instruments being used simultaneously
on different panels. A remarkable result was that in the middle panel, showing Christ, the
expensive blue pigment lapis lazuli was frequently employed for painting some of the jewels
while in the left and right panels, these pigments could nowhere be traced. The presence or
absence of this blue pigment, which does not contain any key elements that are easily detected
by PXRF, was very difficult to determine by means of X ray based methods. However, by
means of FTIR and the presence or absence of a characteristic CO, band, originating from
CO, molecules trapped inside the lazurite crystal structure, the presence of this blue
pigment/mineral could be unambiguously demonstrated.
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PIGMENT
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Gold: Au + Pb
= gold ledf, lead in bolus?

Carnation: Hg+Pb
= cinnabar, lead white

FIG. 2. Detail of one of the panels by H. Memling of “ Angels playing Music” indicating the locations where PXRF analyses
were performed and the names of the corresponding pigments.

More recently, a painting by Antonello da Messina (Fig. 3) in the Royal Museum of Antwerp,
Belgium was investigated by means of a combination of portable XRF, far and mid infra red
spectroscopy and UV-fluorimetry with the aim of elucidating the nature of the red pigments
and colourants employed by Messina to render red and purple tones in the coats of both sitting
figures. PXRF proved itself to be very valuable as a general screening of the painting prior to
the use of other portable equipment by the MOLAB team of the University of Perugia.

FIG. 3. " The Crucifixion” by Antonello da Messina, Royal Museum of Fine Arts, Antwerp, Belgium The circles indicate the
locations that were analyzed by means of PXRF.

45



Table 1 gives a qualitative overview of the elemental signals observed in the PXRF spectra.

TABLE 1. QUALITATIVE OVERVIEW OF THE ELEMENTAL SIGNALS IN THE PXRF
SPECTRA.
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(W = weak; M = medium; S = strong).

2.2 Confocal u-XRF vs. macro-XRF for visualization of hidden paint layers

While confocal XRF has the distinct advantage that it offers the possibility to obtain depth-
selective information, for sensitive materials such as oil paints, the prolonged exposure to the
(synchrotron) X ray beam may cause discoloration or blackening of the irradiated areas. An
alternative modus operandi is to employ an energetic milli-beam of hard X ray s (E = 30 to 40
keV) and use this to quickly scan over a large area of a painting. The macro-XRF scanning
technique was for the first time successfully employed to reveal the portrait of a Dutch rural
lady below the upper paint layers of the painting “Patch of Grass” by V. Van Gogh (Fig. 4) in
the Kroeller-Mueller Museum, Otterlo, The Netherlands [1].

T 2 et

FIG. 4. “ Patch of Grass’ by V. Van Gogh (Kroeller-Mueller Museum, Otterlo, The Netherlands) with the woman’ s face as
inset.
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2.3. Confocal u-XRF and u-XAS investigation of geological and environmental materials

As an example of the combined use of pu-XRF and p-XAS for characterization of altered
materials, Figure 5 below shows S-K edge XANES spectra of different locations (indicated in
C) and corresponding sulphate and sulphide maps of a partially oxidised CdS samples,
scraped off a painting by J. Ensor. The oxidation process causes the yellow CdS to be
transformed into the colourless CdSO,.

XRF SCAN AT 2.4730 keV

XRF SCAN AT 2.4820 keV + CALCULATION

SULPHIDES

16 fil
—~ 14 il 06
3 L
m I.' Y
- — |
c 12 -
9 [
3 L)
o 10
% TR
- (04)
g 8 — h — |
® |—
E . N (03)
= NP NP
4 (02)
0 i
2 (01)
- pes
246 2.48 2.50
Energy

FIG. 5. SK edge XANES spectra of different locations (indicated in C) and corresponding sul phate and sul phide maps of a
partially oxidised CdS samples, in scrapings from a painting by J. Ensor.

These observations are consistent with the following, light-induced redox reaction:
CdS + 20, —» CdSO,
XRD measurements of the alteration product, revealed the presence of CdSO,4.2H,0.

2.4. Application of scanning wu-XRD for phase characterization of materials of
environmental, geological or cultural heritage origin

A combination of confocal pu-XRF and p-XAS with scanning u-XRD was employed for the
characterization of U and Np-containing sediment and granite samples employed during
migration experiments of actinides [2-4]. As an example, Figure 6 shows elemental maps
while Figure 7 shows As-species specific distributions inside samples obtained by drilling at
ca 40 km into geological layers at the Ruprechthov site [5]. Our study concluded that the
principle cause for the capture and enrichment of U in this sediment was the presence of As’;
the latter is likely present under the form of either arsenopyrite or as As’ absorbed to the
surface of pyrite crystals (Fig. 8).
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FIG. 6. Elemental distribution maps measured in fast scan mode (Eqite = 18 keV; 0.2 s/pixel dwell time). Gray-scale
distribution images for the elements indicated are shown at the bottom and the red—green-blue RGB overlay representation
for Fe, U, and As distributions at right. The area marked in yellow is shown in greater detail in Fig. 7.
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FIG. 7. u-XRF distribution images for the total As, Fe, and U measured with Eege = 18 keV and 1 s counting time in the
area marked in the RBG map in Figure 6 and arsenic chemical state distribution of As’ and A< of the same area measured.
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FIG. 8. u-XRD diffraction pattern collected over the same six As’ rich pixels used to measure the u-XANES shown in
Figure 7b. E =18 keV, 1 = 0.6888 A; 10 sillumination. Reflections appear as dark dots, characteristic d-spacing pattern
calculated for FeS, up to 26 = 29° asgray circles.

2.5. Combined pu-Raman and u-XRF analysis vs. u-XRF / u-XRD analysis of pigments in
illuminated manuscripts

A small device was constructed incorporating the possibilities to perform localized molecular
and atomic spectrometry [6]. An excitation-detection scheme was designed to allow both
Raman and XRF spectroscopy to be performed simultaneously on the same location of a
macroscopic sample. The layout of the instrument is shown in Figure 9.
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FIG. 9. Schematic representation of PRAXIS, the combined u-XRF and p-RSinstrument. On the left a detail of the remote
measuring head. Dimensions of the transportable head are ca. 25x 25x 40 cnr.
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In Figures 10-12 some examples of results obtained with thisinstrument in the field of
pigment identification are compared to those obtained by scanning x-XRD for the specific
case of a 16th century illuminated manuscript, a so-called ‘ Book of Tides'.
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FIG. 10. Front and back side view of the analyzed sheet of parchment.
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FIG. 11. (Upper panel) XRF spectrum of blue/gildered areas of the MS shown in Fig. 10, showing the presence of Ca, Cu
and Au and (lower panel) Raman spectrum of the blue pigment azurite (basic copper carbonate) compared to a reference

spectrum.

50



Coppar Hydroside Carbonabs r 4
5000 i..'a'n:r;::i.l:arl:-ﬁrfnle :Iydrnxmn .
a B |
=
§
E
A0 — [ -
2000 = -
At AU VAR LA\ asen]
4 & 8 10 12 14 16 18

2-Thota Angle [Degrees)

FIG. 12. X ray diffractogram and corresponding 26-spectrum of a blue area in the MS shown in Fig. 10. Next to gold and
azurite, also other compounds can be identified, present on the back side of the folio.
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Abstract

In the past years, and also within the framework of this CRP, we have used a combination of several nuclear and
non-nuclear techniques in fundamental research and especially in various applications. Most work has been done
with energy-dispersive X ray fluorescence in combination with electron probe X ray microanalysis, but several
other more common analysis techniques have been used as well. The applications have included mostly
preventive conservation (e.g. characterisation of damaging atmospheric particles in many museums) and
environmental monitoring (e.g. for atmospheric particles in relation to their health effects in outdoor and
especially indoor environments). Fundamental aspects have been in the optimising of interfaced electron
microprobe and Raman microprobe analysis and the evaluation of the potential of such an instrument for
atmospheric aerosols; quite a few unexpected and unpredicted problems have appeared in the latter study.

1. Introduction

Xray spectrometry (XRS), in its various forms, has been very useful for broad analytical
applications, since many years. Electron probe X ray microanalysis (EPXMA) is well known
for analysis with microscopic spatial resolution, albeit with local detection limits in the
1000-ppm range; it is a very common technique and available in many institutes in the
Member States, although it is not often used or well known by the direct beneficiaries of
IAEA funding. Our EPXMA units have been upgraded to include low-Z element detection
and quantification (using thin-window detectors and Monte Carlo simulations) for chemical
speciation at the single micro-particle level, analyses at liquid nitrogen cooling conditions to
assess also more volatile particles, and analyses of surface and in-depth layers of single
particles (using variable energy electron excitation followed again by quantification
calculations). X ray fluorescence (XRF), and especially the more nuclear-related energy-
dispersive version (EDXRF), allow bulk analysis at the sub-ppm level. Unifying, e.g. for
atmospheric aerosol studies (and for environmental particles in general), bulk XRF with
single particle EPXMA allows to identify much more straightforwardly the sources of such
particles and to predict their fate. Analysis with single particle and size information is
important for assessing the potential of these particles to penetrate deep into the lungs and to
be deposited on works of art, but bulk analysis with much better sensitivity allows obtaining
information about e.g. heavy metals.

One scope was to evaluate, during the course of this CRP, the value of the unification of the
various nuclear spectrometries, much more than we would have done without the initiative of
his CRP. This implied demonstrating and proving the added value of using simultaneously
different nuclear and other techniques, from bulk to the micro- or nano-scale, on the same
samples. The necessary software applied for quantitative analysis in EPXMA (quantifying the
enormous matrix effects for low-Z elements) and for handling the large amount of data
generated by automated or high throughput techniques, was to be refined and finalised.
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Another purpose was to demonstrate further the added advantages of simultaneously using
various nuclear and non-nuclear techniques for applications in the field of conservation and
environmental research, with an emphasis on atmospheric particles.

2. Overview of the research performed and the results obtained

2.1. Instrumentation used

The instrumentation that was invoked during this CRP included as “nuclear techniques”: for
bulk-EDXRF: Epsilon-5 of PANalytical, a high-energy polarized-beam secondary-target
system; for single-particle EPXMA: a JEOL-733 electron microprobe and a JEOL-6300
scanning electron microscope (SEM) with energy-dispersive X ray (EDX) attachment. For
supplementary “non-nuclear” bulk analysis, we applied a Varian ion chromatograph (for ion
determinations), passive diffusion tubes for the accumulation of gaseous pollutants to be
analysed later by ion chromatography or UV/Vis spectrophotometry, an on-line Magee soot
monitor, gravimetry for aerosol mass determinations, and for additional micro analyses, we
used a Renishaw InVia micro-Raman spectrometer (MRS). All these instruments are located
in and belong to the Micro and Trace Analysis Centre the University of Antwerp.

Additionally, specific interfaced EPXMA-MRS instruments were used, in the Department of
Industrial Chemistry, University of Bologna, Italy, namely a Renishaw SEMSCA unit
interfaced with an EVO.Zeiss SEM, and a Renishaw SEMSCA unit interfaced with an
advanced JEOL SEM-EDX within Renishaw plc in Wolten-on-Edge, UK. Towards the end of
this CRP, also use was made of a state-of-the-art JAMP 9500F JEOL instrument, of
IntellectAnalytics in Kiev, Ukraine, which combines EPXMA with both micro-XRF and
Auger electron spectrometry.

This CRP does not provide our group with any specific additional funding for research;
hence; the work that pertains to this project is, in fact, funded by other projects, financed by
various sources. We refer to the Appendix for the publications that were generated from the
applications of various techniques in the context of these studies during this CRP.

2.2. Applicationsin preventive conservation

Preventive conservation refers to the study of e.g. the atmospheric conditions (including
micro-climate or chemical pollution) around a work of art or in a museum, with the intention
to improve these conditions and hence to improve the cultural heritage conservation. We have
used a combination of instruments, always including XRF and/or EPXMA, mostly in
combination with other techniques, in preventive conservation studies of: the Royal Wawel
Castle Museum in Krakow, Poland, the Metropolitan Museum of Art in New York, the
Rubens’ House Museum in Antwerp, the Plantijn-Moretus Printing Museum in Antwerp,
valuable mountain churches in Rocca Pietore, Italy and Szalowa, South-eastern Poland, and
(in the context of the effect of protective glazing in front of medieval stained glass windows)
in: the Basilica St. Urban in Troyes, France, the Dom in Cologne, Germany, and the Sainte-
Chapelle church, Paris, France, etc. Some of these subprojects are evident from the list of
relevant publications in the attached Appendix.

In the more general field of cultural heritage research, we want the mention the collaboration,
within the framework of this CRP, with Prof. C. Vazquez from CNEA and the University of
Buenos Aires, in which we studied, by a combination of EDXRF, EPXMA and MRS, some
Argentinean artefacts, rock paintings, ancient bones and other archaeological findings.
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Other environmental applications, which have been finalised and studied, using a combination
or integration of analysis techniques are: particulate atmospheric matter in schools,
residences, elderlies’ service flats and offices in Belgium, North Sea air aerosols, Hungarian
Tisza river sediments, heavy mineral sands from South Africa, welding aerosols, Amazon
Basin aerosols, lime industry pollutants, air pollution in the border region of Germany-
Poland-Czechia, uranium in soils, etc. Most of these studies are again reflected in the
published articles, shown in the Appendix.

2.3. Methodological advances

Methodological advances concerning the integrated methods of analyses will be discussed
here in a bit more detail, namely for the interfacing of EPXMA and MRS in one instrument,
and the interfacing of EPXMA with micro-XRF and Auger electron spectrometry in another,
always in view of aerosol particulate matter characterisation. While the applicability of stand-
alone EPXMA or SEM-EDX and MRS instruments is undisputed, although not without
restrictions, a hybrid instrument combining these techniques will transform the EPXMA into
a powerful material characterisation tool. Such combination of two well-established
technologies allows morphological, elemental, chemical and physical analysis without
moving the sample between instruments. The “two-in-one-unit” offers a number of doubtless
advantages.

The EPXMA/MRS hybrid provides a solution for several fundamental and analytical
problems. Some companies provide now an interfaced instrument (e.g. Renishaw plc.), but
there is no literature yet concerning their use for individual environmental particles, and we
found that the combined measurements are less obvious than originally expected. Especially
in the case of analysis of individual fine particles, this analytical approach needs a further and
more sophisticated optimisation. The most important aspects regard the following: (a) beam
damage and molecular changes; (b) stability of image in case of very fine features (1-4 pm)
and (c) the success of relocating a particle correctly. The damage of individual particles with
the EPXMA/MRS interface seems to be more problematic than in stand-alone instruments.
Some electron beam sensitive particles appeared resistant to the laser beam (e.g. ammonium
nitrate and —sulphate are not damaged during MRS analysis) and as long as one works with a
“cold stage” to collect X ray and MRS spectra of these particles, there is no problem during
measurement with the EPXMA/MRS interface. On the other hand, we determined that some
particles stable under the electron beam are being damaged by the laser beam, so their
analysis was obstructed. The physical and chemical phenomena that lie underneath the
damage with a laser still remain unclear. The successful relocation of the same particle is also
connected with the compatibility of the two spots, laser and electron beam, as well as the
probing depth. In other words, this is a problem of x-, y- and z-resolution. The diameter of the
electron beam has to be correlated with the laser spot size, in order to cover precisely the
same area of interest. The laser spot can be smaller than 0.5 um, which makes it comparable
with the area analysed by the electron beam. If the object has been relocated correctly, we can
assume that the excited area is also covered by both beams. Another aspect inseparable from
the spot size is the probing depth. In case of EPXMA, it is controlled by the energy of the
beam electrons and the nature of the sample. For MRS, the collected volume of scattered light
can be limited by a high-magnification objective and also by applying the confocal mode.
With an appropriate instrument setup, the probing depth can be controlled, but it is always
achieved at the expense of the quality of the optical image. Objectives of a large
magnification are characterized by a small depth of field, which can cause loss of details in
the particle morphology and — consistently — lead to the incorrect recognition of the object. In
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other words, there has to be a (not always trivial) compromise between the successful
relocation of the spot and the compatibility of the two beams.

The preliminary work with the advanced field-emission EPXMA, micro-XRF and Auger
electron spectrometry (AES), combined in one novel instrument, lead to the following
preliminary conclusions: (1) the high resolution SEM enables to obtain high quality images of
both submicrometer and nano scale size with their fine details revealed, (2) the micro-XRF
technique can not be reasonably applied to single aerosol particle analysis because its spatial
resolution does not match the size of relevant atmospheric particles, and (3) the Auger
electron escape depth does not exceed 2 nm while the sharply focused electron beam has a
lateral diameter of 2-3 nm, thanks to the superbly performing electron-optical column. In
other words, the instrument is a unique Auger 3D-nanoprobe. The local AES technique can be
successfully applied for the composition test of particles of any size and for obtaining the
element distributions along a line (line profile), in an area (Auger mapping) and in depth with
the help of ion etching (depth profile). The preliminary aerosol samples were all urban
aerosols, and AES indicated e.g. a strong enrichment of N in the surface nm layers,
undoubtedly the result of interactions with gaseous NOy in the air. The quantification of the
results should be studied further.

3. Conclusions

As expected, the combination of EDXRF with EPXMA and with other bulk and
microanalysis techniques appeared to be much more powerful than using only one individual
technique, in various applications, mostly preventive conservation and atmospheric aerosol
characterisation. Unexpectedly, several problems were encountered in the application of a
commercial interfaced EPXMA/MRS instrument and these led to a need for further
optimisation and evaluation of the procedure.

The list of published papers are given on pages 135-137.
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Abstract

Within this CRP two nuclear spectroscopic methods, PIXE and XRF, were integrated into a single set-up and the
unification of techniques was investigated. For that purpose the vacuum chamber of the PIXE line of the IAEA
experimental line at the Rudjer Boskovic Institute in Zagreb was used. A new chamber top flange was
constructed, which allowed mounting of a small, low power X ray tube within the chamber. Parameters for
achieving optimal signal to noise ratio of the X ray fluorescence from typical soil samples were determined for
this set up. The benefits of this CRP were twofold. Firstly, by using the detection system and the positioning
mechanism of the existing PIXE line, a fully operational XRF system was acquired without much further
investment. This allows material characterization measurements when the ion beams from the accelerator are not
available. Secondly, this integration exploits the complementarities of the two methods, and by broadening the
sensitivity for low and high Z elements depending on the method used, it allows even wider elemental
characterization of a sample under investigation.

1. Introduction

The respective benefits of XRF and PIXE have been eagerly debated in many fields of
application and in recent years a number of papers comparing the results of the two isolated
experimental set-ups were published [1-5]. A general agreement seems to have been reached
that the two modes of excitation of characteristic X ray s are indeed complementary rather
than competitive.

X ray fluorescence (XRF) is a mature, routine, extremely versatile instrumental technique for
rapid analysis of major, minor and trace elements in solids, powders and liquids, and in
commercial use for the past ca. 50 years. Particle induced X ray emission (PIXE) is a
somewhat newer, fast, simultaneous, quantitative, multi-element technique with low limits of
detection, in use for the past 35 years. One of the major differences between XRF and PIXE
lies in the excitation of X ray s in the sample. It has been shown by many authors that in
particle induced excitation the ionization cross sections of the elements decrease with
increasing atomic number, while in X ray photon excitation the cross sections increase with
the increasing atomic number. That means that in XRF and PIXE the background intensity
distributions follow those of the excitation cross sections, i.e. they are opposed. Consequently,
XRF should exhibit higher sensitivity for heavier elements, whereas PIXE should be more
sensitive for analysis of light elements. Furthermore, the penetration depths and irradiated
areas, and hence analytical volumes, are rather different in PIXE and XRF, with the XRF
penetration depth relatively larger. This can be very important especially when investigating
very old artistic objects and objects found in excavations, where a degree of corrosion in the
surface layer can be very high. Moreover, PIXE exhibits relatively straightforward and,
compared to XRF, simpler quantification calculations in unknown matrices. However, a
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serious problem in the use of PIXE in art and archaeology is the energy deposition which may
damage the object as well as the possibility of charge buildup in the non-conducting samples
and subsequent spectrum-distorting sparking. XRF does not suffer from these effects. Due to
all these differences, it was interesting to investigate the integration of the two methods into
one set-up and to study their specific advantages and disadvantages in the controlled
environment. This project was carried out at the Laboratory for ion beam interactions of the
Rudjer Boskovic Institute (IRB) in Zagreb. The Laboratory utilizes two particle accelerators -
the larger one is EN Tandem Van de Graaff and reaches a maximum voltage of 6 MV at the
terminal. The second, Tandetron accelerator, reaches a maximum voltage of 1 MV at the
terminal (for accelerated protons up to 2 MeV). The RBI accelerator facility consists of
several dedicated beam line end-stations for ion beam analysis (IBA), including in-air PIXE
and nuclear microprobe (Fig. 1).
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FIG. 1. Layout of the RBI accelerator facility, showing the two accelerators and the beam line end-stations. System elements
arelabeled as: S, ion source; L, eectrostatic lens; D, electrostatic or magnetic deflector; M, dipole magnet; Q, quadrupole
magnet; F, Faraday cup. The activities within this CRP were carried out at the |AEA beam line (red circle).

Most of the beam lines can be used independently, using the ion beams from both
accelerators. The Tandetron accelerator is also equipped with the computer control system
developed in the Laboratory. It can be controlled remotely through the computer network as
well. More details about the RBI accelerator facility and the data acquisition and analysis
software may be found in [6]. The IAEA beam line, where the integration PIXE-XRF was
carried out, is a general purpose IBA end-station, equipped with a vacuum chamber and
detectors for PIXE, PIGE and RBS measurements. The ion beam has a diameter between 1
and 5 mm.

2. Overview of the research performed and the results obtained

2.1. Construction of the chamber

In order to unify the XRF and PIXE spectrometric methods into one single set up the vacuum
chamber of the PIXE end station of the IAEA experimental line is used and modified. A new
top covering flange is constructed, on which a small power X ray tube is mounted so its X ray
exit window is located within the chamber. This chamber cover is interchangeable with the
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existing PIXE top flange and the modular design gives possibility to an independent
utilization of the XRF and PIXE methods, depending on the specific needs. To control the
temperature of the X ray tube an NTC thermistor sensor was mounted to the part of the tube
within the chamber. The tube temperature control is especially important when using the
X ray tube in a vacuum environment, as the tube relies on air cooling and air convection. The
geometry of the setup is shown in Figure 2.
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FIG. 2a and 2b. Integrated PIXE-XRF set up at the |AEA beam line.

The angle of the incident X ray beam to the sample is 22.5 degrees (measured from the
normal to the sample plane), the distance of the tube anode to the sample is 35 mm. Two
different collimating systems were tested and compared — a simple aluminum pin-hole
collimator and a collimator made of a combination of aluminum and graphite. It was opted for
the latter, shown in Figure 3a. In order to minimize the effects of possible secondary radiation
from the cylinder material itself the materials chosen for the collimator were aluminum and
graphite, which, beside Al, contains mostly light elements [e.g. Mg, Si as minor components
(traces)] and whose characteristic radiation does not affect the XRF measurements in great
extent. The collimator is 20 mm long, with a 2 mm graphite aperture at the exit end (Fig. 3b).
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FIG. 3a) Photo of the pin-hole collimator mounted on the “ pencil” X ray tube. The aperture defining the exiting beam size
is2 mm. 3b) Cross-section of the pin-hole collimator showing its components.
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2.2. Sample positioning and initial beam alignment

The sample positioning for both XRF and PIXE applications are carried out using an in-house
developed LOCATOR software. For determining the irradiated spot on a sample during a
measurement a system of a video-camera monitoring was developed. It allows digital marking
of the investigated area by clicking on the display with a mouse. The actual position of the
X ray beam is defined during preliminary beam alignment by irradiating a fluorescence paper
inserted in the target plane, which allows “seeing” the X ray beam and marking its on-the-
sample position (Fig. 4). The same positioning system is used for defining the proton beam
irradiation spot needed for PIXE measurements (by illuminating a quartz target). The
revolving sample holder can hold up to 16 targets.
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FIG. 4. User interface window of the devel oped positioning program, showing the X ray tube with the collimator pointed at
the fluorescence shield. The X ray silluminate the irradiated area of the shield and the intersection of the red marker lines
are moved to pin-point this position for subsequent measurements. Due to the strong ambient light needed to make this photo
the fluorescing area, clearly seen under typical working conditions, is hardly seen on this photo.

2.3. Software

For data acquisition a multi-parameter software SPECTOR is utilized, employing up to 8
ADCs and therefore allowing simultaneous combination and integration of different
spectroscopic techniques (i.e. detection systems). As a new generation of hardware and
software, the SPECTOR data acquisition and sample/beam control unit has been developed at
our laboratory in cooperation with the IAEA Seibersdorf Laboratories and is constantly being
refined and adapted to changing needs. The SPECTOR and LOCATOR programs have been
recently integrated into a new program TERMINATOR, which allows simultaneous
controlling possibilities during the measurement, all in one window (Fig. 5).
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FIG. 5. Data acquisition and control program (Terminator) running during a measurement on the PIXE-XRF integrated
system at the | AEA beam line. Spectrumis displayed in the middle of the screen; to the left one can choose to open old
spectra or start a new acquisition; below one can control the area which is being analyzed; at the right a subroutine
providing control of the stepping motors for sample positioning is displayed.

2.4. Hardware and software devel opment

In the present work the MCA/MPA unit compatible with NIM ADCs has been designed.
Virtually all nuclear laboratories has peak detect ADCs as a NIM module. There are several
vendors on the market that offer such ADCs. All available ADCs have an external connector
for connection with MCA/MPA unit. Although NIM is a standard that defines electrical and
mechanical (size) properties of the modules, not all ADCs have exactly the same control and
data pins on their external MCA connector. The present MCA/MPA unit is pin to pin
compatible with Canberra 8075, 8077 or equivalent ADCs. Fortunately the main difference
among different ADC models is in the pin names and their position on the external ADC
connectors (connects ADC with MCA). Therefore only a simple connector should be built to
use ADCs that are not compatible with Canberra 8075 or 8077 ADCs.

The system hardware is enclosed in a stand alone box that contains switching power supply,
general purpose field-programmable gate array (FPGA) board with static RAM (SRAM) and
USB/Ethernet modules and eight 26-pin connectors to connect eight NIM ADCs via 5V
to 3.3V level translators (Fig. 6).
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FI1G.6. Basic components of the data acquisition system.

MCA/MPA software for data acquisition, which is a MS Windows application, is called
Spector and has been written in MS Visual Studio C/C++. The application performs several
tasks including: hardware initialization via set of dialog boxes (measurement time, number of
ADC channels, number of active ADCs, polarity of ADC signals ...), start/stop measurement,
data transfer and visualization during measurement. The communication with FPGA on PC
side is done via driver and set of software routines (dynamic link libraries) provided by the
vendor of the FPGA board.

2.5. Measurements results

Test measurements were carried out on various standard reference materials (1249 Inconel
718, NIST 2710 Montana soil, ISE 954 Clay, ISE 983 Marine sediment) using both systems
and the results were analyzed. For XRF analysis, measurements using different excitation
parameters were tested and the peak to background ratio for various elements were calculated
(Fig. 7). For a typical thick soil sample optimum excitation energy for reaching good broad
range results with this set up seems to lay around 25 keV. Of course, here one must be aware
of the fact that a tradeoff will exist between the demand for broad range elemental analysis
and the optimum choice for attaining the lowest possible detectable level for a given element.
When comparing these results with the results obtained through PIXE measurements on a
same sample, generally higher peak to background ratios are observed. In order to conclude
on the sensitivity differences between the methods the minimum detection limits (MDL)
achieved with each of the two techniques were calculated from XRF and PIXE spectra
(Table 1) and the results were plotted versus the atomic number of the emitting target element
(Fig. 8). The commonly accepted three-sigma criterion was used to evaluate the MDL. It says
that an X ray peak is statistically significant with a 99.87% confidence level, when its peak
count Np satisfies the condition Np23(2NB)1/2, where Ng is the background count. When
directly compared, overlaid PIXE and XRF spectra show considerable differences in
sensitivity, where PIXE clearly exhibits more sensitivity for light elements (low energy X ray
emitters) and XRF is more sensitive for heavier elements (Fig. 9). These spectra of a reference
standard NIST 2710 Montana soil were recorded under typical measuring conditions, using
25 keV and 50 pA for XRF, and 3 MeV for PIXE.
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FIG. 7. Experimentally obtained peak to background ratios for several elements of a typical soil sample, in dependence of the
excitation energy and excitation mode. The photon energies for XRF ranged from 15 to 35 keV, the PIXE measurements were
carried out using 3 MeV protons.

TABLE 1. CALCULATED MINIMUM DETECTION LIMITS (MDL) FOR SOME
ELEMENTS FROM THE MONTANA SOIL STANDARD
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FIG. 8. Variation of the MDL versus the atomic number of the emitting target element, extracted from XRF (triangles) and
PIXE (circles) spectra, for elements S, K, Ca, Ti, Fe, Zn, Ba and Pb. The MDLs for Ba and Pb were calculated for L lines.
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FIG. 9. Overlaid PIXE and XRF spectra (acquired measuring using typical experimental parameters) of a reference standard
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NIST 2710 Montana soil. It is obvious that PIXE exhibits more sensitivity for lighter elements and XRF for heavier.

3. Conclusions

PIXE and XRF offer both high analytical potential for multi-elemental investigations and
material characterization. The main objective of the Project, to exploit the possibilities of

integrating these two nuclear techniques into one set up, was successfully fulfilled.

Measurements on standard reference materials using both methods showed that they exhibit
differences in experimentally obtained peak to background ratios and show complementary
behavior in elemental sensitivities. PIXE exhibits more sensitivity for light elements (low
energy X ray emitters) and XRF is more sensitive for heavier elements. Therefore, when the
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two methods are unified into one integrated set up, these complementarities can be used to
enhance the analytical capabilities of the measurement system. Depending on the analytical
needs, choice of a most suitable method and experimental conditions, or a combination of the
two complementary techniques can be utilized to improve the analytical results. Furthermore,
by mounting an X ray source within a PIXE chamber, and using the existing PIXE detection
system and electronics, a reliable and rather inexpensive XRF analysis station was acquired.
This set up allows easy and fast preliminary screening and bulk analysis of the samples prior
to a PIXE measurement, or simply provides an alternative technique when ion beam from the
accelerator is not available.
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Abstract

A novel experimental technique, 3D Micro-Particle Induced X ray Emission (3D micro-PIXE) has been
developed during the past three years and is described in this report. 3D micro-PIXE is realized by using an
X ray optic in front of the X ray detector, thus creating together with the focused proton micro-beam a probing
volume from which information on elemental distribution is obtained. By moving the sample across the probing
volume, the emission of spatially resolved characteristic X ray s is recorded. The first 3D micro-PIXE
measurements confirmed the potential of the technique to resolve elemental depth distribution in surface layers
overcoming the depth analytical limitations of standard ion beam techniques, whereas combining the fine
microbeam scanning mode in the lateral plane with the sample movement parallel to the beam axis, three-
dimensional (3D) element-specific distributions can be achieved. In the present report, the theoretical and
experimental work undertaken up to now will be reviewed and characteristic applications will be presented. The
advantages and limitations of the 3D micro-PIXE analysis will also be discussed in comparison with other
nuclear analytical techniques aiming to depth resolved elemental analysis.

1. Introduction

Particle and X ray induced fluorescence radiation techniques (PIXE, XRF) have been
developed over the last thirty years to provide multi-elemental quantitative analysis with
sensitivity even down to ‘ppb’ or ‘ppt’ region. Analysis is being carried out for a variety of
samples with interest in various disciplines. The quantitative analysis is generally considered
as quite accurate, if the elements are homogeneously distributed within the analyzed volume.
With the help of new X ray optics lateral spatial resolution has been also attained at the
micrometer regime during the past fifteen years. However, in order to reach similar depth or
3D elemental specific resolution the problem is still tackled by the scientific community. So
far, near-surface depth resolved analysis in the range of a few micrometers is also possible for
specific elements by means of complementary application of other nuclear analytical
techniques such as Rutherford Back-Scattering (RBS) and NRA (Nuclear Reaction Analysis).

Nevertheless, the potential of ion beam methods to provide full characterization is
significantly hampered by the fact that materials often exhibit inhomogeneities or a layered

67



structure extending far below the surface. Several important attempts have been reported
aiming to provide analytical methods for depth resolved analysis based on nuclear
spectroscopic techniques. All these efforts, up to now, use PIXE or XRF analysis at variable
incident energy or variable incident angle. For PIXE the strong dependence of the X ray
ionization cross section on the proton energy, as well as the possibility to vary continuously
the proton energy and subsequently the range of protons in matter, may result in the
successive tuning of the average PIXE production depth deeper inside the analyzed material.
These fundamental physical properties triggered and motivated the development of the so-
called differential PIXE analysis. Since 1996 various analytical strategies have been
developed and implemented by different groups [1-4].

The development of polycapillary X ray s lenses during the last decade opened a new era in
the field of X ray microscopic analysis. Among the first applications of X ray lenses in the
field of X ray fluorescence analysis was the formation of X ray micro-beams with diameters
of the order of a few micrometers. Later, the polycapillary X rays lenses were introduced also
in the detection channel to form a confocal geometry. Laboratory or synchrotron induced 3D-
XRF spectroscopy provides nowadays an advanced characterization of materials with depth
resolving capability together with probing of the elemental composition of individual
structures [5-10].

Three years ago, we transferred the concept of the confocal set-up successfully to the field of
the micro-PIXE technique by implementing a polycapillary half lens in front of the X ray
detector and taking advantage of an excellent spatial resolution of an ion micro-beam. The
first applications using a proton microbeam in vacuum [11] and under atmospheric pressure
[12] have clearly demonstrated the potential of the technique in the analysis of stratified
materials to resolve elemental depth profiles. The particular advantage of an ion microbeam
for fast lateral scanning has driven 3D elemental investigations. M. Zitnik et al. [13] have
presented 3D element selective imaging of aerosol micro particles captured in thick quartz
filters with a micron spatial resolution aiming finally to deduce concentration depth profiles
for the strong emitters of the sample (Fe, Caand S).

Theoretical models that may simulate 3D micro-PIXE intensities for various experimental
parameters, sample structure, local compositions and scanning modes have been recently
proposed [14, 15] enabling a systematic assessment of the analytical potential of the
technique. In this report the experimental and theoretical work undertaken up to now for the
development of the 3D micro-PIXE technique is reviewed. Furthermore, characteristic
applications and examples will be presented and discussed revealing in that way the
advantages and the limitations of the 3D micro-PIXE analysis in respect to other nuclear
analytical techniques aiming to depth elemental analysis.

2. Overview of research performed and results obtained

2.1. Basic principles and experimental setup of 3D micro-PIXE

The basic principle for the realization of the 3D micro-PIXE technique is the creation of a
confocal geometry. The confocal setup is defined through the intersection of a focused proton
microbeam, formed by a nuclear microprobe, and the sensitive detection field of an X ray
polycapillary lens, placed in front of an X ray detector (Fig. 1). When a sample is irradiated,
this common intersected volume, the so-called probing microvolume, restricts spatially the
irradiated area being under detection with respect to the whole area producing the total PIXE
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yield. In that way, when sample’s position is sequentially changed with respect to this
volume, laterally as well as into depth three-dimensionally resolved information can be
extracted with spatial resolution of some tens of micrometers. The spatial resolution which
can be obtained depends on the corresponding performance of the nuclear microprobe and the
Xray lens.

Nuclear microprobes can provide proton microbeams in vacuum below 2 um in size; while
10-20 um are achieved when the beam is extracted in air (external microbeams). Microbeam
cross section is defined through a pair of perpendicular slits. Thus, the beam can be suitably
described as a rectangular with a constant flux density. Furthermore, experimental findings
indicate that the beam size does not change noticeably along its propagation direction for
about 100-150 pum around its optimum focal point [11].

FIG. 1. Graphical representation of typical confocal micro-PIXE geometry. A rectangular ion microbeam (yellow) irradiates
a sample which is observed though the sensitive detection-volume of a polycapillary lens (the red surface represents an
isosurface of the lens acceptance for a given X ray energy).

With respect to characterization of the X ray optics, several authors have investigated the flux
density distribution of Xray beams formed by polycapillary lenses [16-19]. The spatial
distribution of the focused X ray micro-beams has been examined experimentally by means of
knife edge or wire scan methods. It came out that the spatial distribution is very well
represented by a Gaussian function. Therefore, it has been suggested [20] that a two-
dimensional Gaussian bell function is the best candidate for the description of the profile of a
focused X ray micro-beam. T. Wolff et al. [21] have recently provided a thorough
experimental investigation of the energy dependence of the polycapillary half-lens spot size
and its transmission function, when it is utilized either in the focusing or collecting mode,
namely when the incoming or outgoing X ray beam is parallel, respectively. In both cases, the
spatial distribution of the focused beam or of its acceptance function can be described by a
Gaussian-like function. However, in the latter (collecting) mode, much larger spot sizes are
produced and the differences increase as the energy of the transmitted X ray s is decreased.
Thus, it will finally be adopted that in this case (collecting mode) the spatial resolution of the
lens exhibits the same shape like the flux density distribution of a focused X ray micro-beam.
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Modern polycapillary lenses can provide spatial resolution with a FWHM down to 15-20 um
at 8 keV while usually exhibit an inverse (E™) functional dependence with the transmitted
X ray energy due to the dependence of critical angle for total external reflection on energy.

For the confocal micro-PIXE setups using proton microbeams of very small dimensions (with
respect to the FWHM of the polycapillary half-lens), the probing microvolume
characterization is actually based on the dominant influence energy-dependent, Gaussian
response function of the X ray lens. Therefore, the setup’s spatial sensitivity function exhibits
a “Gaussian’ shape along propagation of the microbeam.

3D micro-PIXE measurements aim to scan sequentially this spatial sensitivity function over
the sample’s surface, as well as along the depth below the surface in order to provide
complete 3D resolved information. The experimental implementation of the sample scanning
across the probing microvolume is attained by means of proper stepping motors with accuracy
at the micrometer regime. Furthermore, ion micro-beam focusing devices (nuclear
microprobes), can provide reproducible scanning of the micro-beam with sub-micrometer
accuracy in the plane perpendicular to its propagation axis. This experimental possibility adds
considerable flexibility, precision and speed towards elemental depth profiling in a confocal
geometrical setup as well as 3D profiling when it is combined with the sample scanning mode
[13, 14].

2.2. Current developments and applications of 3D micro-PIXE

For investigating the performance and potentials of 3D micro-PIXE several experimental
efforts have already been accomplished. As a first demonstration, an artificial multilayer
target has been examined [11] in order to evaluate the depth resolving capacity of the method
(Fig. 2). The investigated multilayer sample had the following layer sequence:
Ag/Kapton/Au/Kapton/ Ni/Kapton/Cu with nominal foil thickness of 3 um/12.5 pum/1
um/12.5 um/1 um/12.5 um/7 um, respectively. It was prepared by simply attaching one foil
onto the other one and packing all of them together in an aluminum frame.
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FIG. 2. a) Intensity depth profiles of a multilayer sample with the following structure: Ag (3um)/ Kapton (12.5um) /Au (1.m)
/Kapton (12.5«m) /Ni (1um)/Kapton (12.5xm) /Cu (7 um) obtained by means of the 3D micro-PIXE analysis. The solid lines
represent corresponding Gaussian fits. 2b) Spectrum from a simultaneous RBS measurement, but even using 3MeV protons
the last layer of the sample could not be probed.
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Although simple, this preparation technique does not allow a full control of the foil's
positions, since the non-flatness of material may lead to in-between spaces and, consequently,
to a displacement of their surfaces from a close-packed arrangement. This can be observed in
the measured intensity profiles shown in Figure 2a. The ability of measuring the intensity
profile of the copper foil at the bottom of the multilayer stack proves the potential of the new
technique for depth resolved studies, which are not feasible by traditional ion beam
techniques. For example, RBS and NRA can supply information only from a few micrometer
into the depth (Fig. 2b). Furthermore, the most important aspect of 3D micro-PIXE analysis
of the multilayer sample is that the uncertainties in the determination of the intensity profiles
centroids are relatively small, close to 0.5 um. The potential of the 3D micro-PIXE technique
is therefore evident to provide in a rather straightforward manner qualitative analysis of a
multilayered sample, provided that the layer thickness is small compared to the corresponding
spatial resolution of the setup.

For the implementation and pilot evaluation of the confocal micro-PIXE setup in the
characterization of a real layered structured material, an archaeological sample was examined.
The sample is an attic ceramic small fragment (TH/CL-AKROP-34, 5cent. BC, Makrygianni,
Acropolis), recently (2000-2003) excavated at the Akropolis area in Athens and dated back to
the Classical period [11]. A SEM micrograph, of a freshly fractured cross section produced
with secondary electrons is shown in Figure 3. In principle, the fragment consists of two basic
layers, one black gloss layer on the top with a typical thickness ranging between 20-25 pm.
The black gloss layer is fairly well adhered to a second layer, the ceramic porous body.

FIG. 3. SEM micrograph of a freshly fractured cross section of the Attic ceramic fragment with the code TH/ CL-AKROP-34,
5cent. BC, Makrygianni, Acropolis (magnification 1012x). The estimated black gloss layer thicknessis 21 + 2 um.

Micrograph by courtesy of E. Aloupi.

The measured 3D micro-PIXE intensity depth profiles for Al, Si, K, Ca and Fe are presented
in Figure 4. In order to simulate in a first attempt the obtained intensity depth profiles, PIXE
intensities produced by a layer of infinitesimal small thickness located at various depths were
convoluted with a Gaussian profile using the proper FWHM’s after calibrating the
experimental setup [11].
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FIG. 4. Comparison between simulated and measured depth profiles obtained from the Attic ceramic fragment.

In Figure 4 the various solid lines represent simulated intensity profiles calculated using a
black gloss layer thickness of 19 um (that mainly affects the Ca profile) and the following
concentrations for the gloss/body (g/b) two layer system: Al,O3 (33.0%) and SiO, (53.3%) for
the black gloss layer only, K,O (3.8/3.8%, g/b), CaO (0.40/16.7%, g/b) and Fe,Os
(16.8/11.4%, g/b). Initial values for the concentrations were extracted through Electron Probe
Micro-Analysis (EPMA) and XRF techniques. EPMA was used to determine major and minor
elements of the black gloss layer at a flat point of the surface, whereas XRF complemented
the quantitative characterization of the black gloss surface layer and of the clay body at a
section area [11].

The experimental 3D micro-PIXE profiles. However, they deviate about 10% with the
corresponding ones of XRF and EPMA [11], which is an acceptable deviation for single spot
analysis of such a complex sample. It is remarkable, however that the simulated Fe profile
based on the results of XRF and EPMA fails to describe the Fe profile (Fig. 4). This might be
attributed to the presence of Fe inhomogeneities in the proton beam path. The dotted line of
Fig. 4 presents the result of a simulation of the experimental Fe profile by introducing at a
depth of 8 um a particle rich in Fe (~72%) with a size of about 1.2 um, whereas the Fe
concentration at the rest of the gloss layer was kept at a level of 16.3%.

A confocal micro-PIXE model aiming to reconstruct 3D element-specific local distributions
has been proposed by M. Zitnik et al. [13, 14] and demonstrated just recently by the same
authors [22]. To achieve 3D spatial resolution both scanning modes have to be applied. For
the reconstruction of elemental concentrations the sample is divided in microscopic cubic
cells. The model offers in quantitative terms the contribution of each cubic cell to the element
specific intensity recorded per pixel from sequential 2D-images produced at each sample
position by the microbeam scanning mode. The authors have applied this formalism in the
case of PM10 aerosol particles immersed into a very low density matrix (quartz filter)
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[13, 14]. The aerosol sample was obtained during the regular air quality monitoring at the
open air bulk terminal of Port of Koper Slovenia. An air flow of 15 | /min was pumped for a
week through a high purity quartz filter aerosol particles were preselected by an impactor with
10 um aerodynamic cutoff diameter [13, 14]. The analysis of the raw 3D micro-PIXE data
offered the element-specific concentrations of individual PM10 aerosol particles together with
their respective positions with a micron spatial resolution. The penetration depth of Fe rich
particles was found to be smaller than the one for Ca and S (Fig. 5) since iron is present in the
dust in the form of larger particles than Ca and S. The concentration depth profiles are
properly described by exponentially dumped function with penetration depth depending on
the aerosol particle size.

surface

D T T ; T T T T T T T 1
20 0 20 40 B0 80

Sample depth [um]

FIG. 5. Concentration depth profiles of loaded quartz sample as generated from the local atomic densities. The profilesare
normalized to surface mass densities determined by previous PIXE analysis.

Just recently, the demonstration of true 3D composition analysis of an extended object where
energy loss of protons and self-absorption effects cannot be neglected was accomplished by
M. Zitnik et al. [22]. The spatial distribution of hematite in an irregular particle composed of
hematite dust was reconstructed by a single sweep of the proton microbeam through the
acceptance volume of the polycapillary lens. While the lateral resolution is determined by the
proton microbeam cross section (~2 um), the depth resolution was about 10 um. The limiting
factor for the latter is the field of view of the polycapillary lens. Although the object’s
material was known, the method could be effectively used for reconstruction of submillimeter
objects containing a known share of light elements and an unknown share of ‘visible’
elements (Z>10). Larger objects can also be reconstructed but with an elaborate sample
movement.
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2.3. Discussion- advantages and limitations

3D micro-PIXE presents a new experimental method to look into the depth of a sample by
combining an ion microprobe and X ray spectroscopy. In particular, when different elements
are present in separate layers having a small thickness in the micrometer regime, 3D micro-
PIXE reveals a powerful potential. The analysis of basic features of measured depth profiles
provides in a direct way the distribution and the approximate depth position of the elements
present in the sample. In a more general case, i.e. when elements are mixed in different layers
or a concentration gradient exists in one or more layers, the analytical signal at various depth
positions represents a rather complex concept. The 3D PIXE signal that emanates from
various depths is convoluted with the setup’s spatial resolution. This feature exhibits, as far as
it concerns its complexity, some similarities with the differential PIXE analytical signal.
However, 3D micro-PIXE depth profiles include additional information about local
inhomogeneities that provide a more detailed knowledge of the elemental distribution and
composition in the depth. Apart from the absolute scale of the intensity profile, its centroid
position, FWHM and shape (if it is pure Gaussian or an asymmetric one towards the depth)
may be considered as additional parameters supporting substantially the quantitative
description.

The implementation of the confocal geometry at an ion-microprobe beamline has certain
advantages with respect to 3D Micro-XRF setups. For 3D micro-PIXE only one X ray lens in
front of the detector is required taking advantage of the excellent intrinsic spatial resolution of
the ion microprobe. Also the beam scanning possibilities play an important role not only for
the relative ease and fast alignment of the confocal setup, but also for deducing intensity
depth profiles. On the other hand, the decrease of the proton ionization cross sections with
increasing depth, in contrast to the fluorescence cross sections which are depth independent, is
certainly a disadvantage and a limiting factor for depth analysis. Higher proton energies
(greater than 3 MeV) and relative low atomic number matrices (organic, aluminum-silicate)
increase the penetration depth of protons to more than 100 um, thus, improving the
information depth for elements emitting characteristic X ray s with energies above about
5 keV. It should also be pointed out that for metal alloys the 3D micro-PIXE information
depth could be even larger than the corresponding one for 3D Micro-XRF analysis with X ray
tubes. Hence, the magnitude of the X ray production cross sections and the proton penetration
depth for a specific matrix are the decisive factors which method is more suited for a three
dimensional elemental analysis.

A first comparison of 3D micro-PIXE with differential PIXE [1-4] has been accomplished by
means of a theoretical quantitative model which describes 3D micro-PIXE intensities for
stratified materials [15]. The model incorporates the effect of the finite ion micro-beam
dimensions and the restricted spatial resolution of an X ray lens to generate the sensitivity
function of the probing microvolume in a closed form. For comparison two samples having a
quartz matrix with 1% of Fe concentration were selected. A lamina of 3 pm thickness with
increased Fe concentration (3%), placed at depth of 5 um and 30 um, respectively, was also
assumed. In Figures 6a and 6b the relative contribution of Fe Ka radiation (from the 3um
lamina) with respect to the total PIXE Fe yield is indicated versus the sample position and
versus the ion impact energy.
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It is obvious and very characteristic that the Fe ‘anomaly’ in the case of 3D micro-PIXE
affects the measured Fe vyield with higher sensitivity. More specifically, the partial
contribution from the 3 um lamina with 3% Fe concentration provides more enhanced but
also localized contribution (with respect to the sample position) to the total Fe yield. In
comparison with differential PIXE, in principle, 3D micro-PIXE seems to exhibit an enhanced
sensitivity in respect to the spatial resolution that should be proved in practice by the analysis
of the same real sample by both techniques in the future.
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FIG. 6. Comparison of the depth probing sensitivity for 3D micro-PIXE and differential PIXE by estimation of the contribution of a
local Feinhomogeneity (3% in a lamina of thickness 3um) to the total Fe yield. (Sample: quartz matrix with 1% Fe concentration,
Eo= 3MeV, FWHM e, ~ 20um).

3. Conclusions

The use of a polycapillary half lens in a typical micro-PIXE setup renders the conventional
micro-PIXE technique into a new tool for depth resolved elemental analysis. 3D micro-PIXE
provides the possibility to resolve elemental distribution in separate layers in a complex
structure. The information depth can range even up to 40-50 um, overcoming in some cases
the analytical capabilities of standard ion beam techniques for elemental depth profiling.

The significant potential of the new method to provide direct three-dimensional information
on the elemental distribution has been shown so far for a complex, archaeological sample as
well as for an aerosol PM10 filter. In general, 3D micro-PIXE may be used for the
investigation and determination of structure and composition of layer systems and of
elemental concentration gradients. Furthermore, it is suitable to select individual micrometer
sized objects which are within a probing depth beneath the surface. In comparison to 3D
Micro-XRF analysis, the confocal micro-PIXE setup will be more suited for depth analysis of
light elements at a probing depth below 5-10 um. With its non-invaisive and depth-resolving
properties, 3D micro-PIXE seems especially suited for investigations in the field of
environmental studies, biology and cultural heritage and for thick samples with light Z matrix
in general.
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4. General remark

A large part of this report has already been reported by us for the IAEA under the title “3D
micro-PIXE, a new development for the micro-PIXE Technique- Analytical applications and
perspectives”. It was a contribution to the IAEA Technical Meeting (G4-TM-34787) “Special
Configurations and New Applications of Micro-analytical Techniques Based on Nuclear
Spectrometry” which took place in Vienna, Austria, on the 20th to 24th October 2008.
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Abstract

The development, installation and research undertaken with a multi-functional PIXE induced XRF scattering
chamber at the Demokritos Tandem VdG 5.5MV TN accelerator are reported. The set-up combines optimally the
advantages of particle and photon interactions with matter supporting research in the following topics:
Quantitative sub-keV X ray fluorescence spectrometry and the study of the X ray resonant Raman scattering for
elements not sufficiently studied previously. The work undertaken within the three years of the CRP life will be
overviewed including the developed integrated PIXE and XRF software and first measurements of fundamental
parameters related with Fe inner shell de-excitation processes and the X ray resonant Raman scattering on Al, as
well as with quantification related topics.

1. Introduction

The Particle Induced Xray Emission (PIXE) and Xray Fluorescence (XRF) are well
established analytical techniques providing simultaneous multi-elemental analysis of a variety
of samples with interest in various fields, ranging from material, biomedical and earth
sciences, to environmental, archaeometrical, forensic and industrial applications [1,2]. The
minimum detectable concentrations that can be attained by both methods are in the low ppm
(ug/g) region or below [in SR-XRF, 3] for the most of the analyzed elements and for a wide
range of matrix sample compositions. The particular advantages of the two methods are based
on the high ionization cross sections of inner atomic shells by either X ray s or charged
particles [4] and the much lower background production, being mainly attributed for PIXE in
the sample induced bremsstrahlung radiation [5] and for XRF in various detector
contributions [6, 7].

Within this CRP a dynamic utilization of the advantages of the PIXE and XRF methods was
proposed by means of the development of a multipurpose integrated X ray spectrometric
PIXE induced XRF technique for materials research. The PIXE mode can be used at first to
provide an intense X ray source by irradiating a pure thick target (with an atomic number
Z=13-30) with few MeV protons [8, 9]. The incorporation of an appropriate filter between the
primary target and the sample improves considerably the spectrum purity and quality of the
exciting X ray beam, i.e. attenuating the low energy bremsstrahlung background component
and absorbing completely the backscattered particles, respectively [10]. The XRF mode of
excitation can be accomplished next by positioning the sample of interest between the primary
target and detector in the usual two orthogonal axes geometry.

The concept of proton induced almost monochromatic X ray s has been utilized in the past in

various studies related with the impurities or minor elements quantitation in pure metal
matrices [11-15], as well as for X ray resonant Raman scattering (RRS) studies [15-19].
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However, the experimental set-ups, developed up to now, did not allow a full exploitation of
the analytical possibilities of the PIXE induced XRF technique. The developed within this
CRP novel multifunctional scattering chamber at the Demokritos Tandem 5.5 MV TN
accelerator opened a new area of research and applications, in particular in the soft X ray
energy region.

2. Overview of the research performed and the results obtained

2.1. Development and installation of the integrated PIXE induced XRF experimental set-up

The specifications and the main part of the multifunctional PIXE induce XRF scattering
chamber design was accomplished by Demokritos group and then a specialized company
(BESTEC GmbH, Berlin-Germany) finalized the mechanical drawings and constructed all the
mechanical parts. In Figure 1 and in the appendix figures, final drawings of the various parts
of the scattering PIXE-XRF chamber are presented.

The PIXE-XRF chamber was designed in an optimized geometry ensuring maximum solid
angles combined with efficient collimation (in both the excitation and detection channel). In
summary, the experimental setup incorporates the following instrumentation and
characteristics:

e Two level chamber (low level: primary targets, upper level: samples).

e Two rotatable feedthroughs for positioning six primary targets and six samples.

e Primary target feedthrough electrical isolated & liquid cooled.

o Filter wheel with 8 positions enabling the stopping of the backscattered ions and filtering
of the exciting X ray beam.

e All excitation/detection angles are set at 45 degrees.

e Oil-free vacuum system composed by a turbo-molecular pump with carbon-free backup
vacuum pump.

e An Xray UTW Si(Li) detector with a AP1.7 window (Gresham/e2v Sirius® ).
e Dose monitor through charge integration or/and an X ray Si PiN detector (Amptek®).

2.2. Development of combined PIXE-XRF software

A new software was developed in C++ language including appropriate data bases to account
for: (i) the K-shell and L-subshell proton ionization cross sections (up to 4 MeV) of all the
elements of the periodic table (ii) K and L- subshell fluorescence cross sections, (iii) stopping
power of protons in matter and (iv) mass attenuation coefficients of X ray s in matter.
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FIG. 1. (a) The PIXE induced XRF experimental setup on the R2 beam line at Tandem VdG Laboratory of INP (Institute of
Nuclear Physics), (b) 3D mechanical drawing of the PIXE induced XRF chamber, and (c) close-up view indicating the
geometry of the primary target and sampleirradiation.
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By this way, integrated simulations of the PIXE induced XRF intensities can be carried out.
In Figure 2 an example of the application of the new software is shown.

S ks ypei [ 1 2] Baam Erergpeone [ 3000 2 Camoneuny [ 100 2
Privary Targat i
trwml_mr = .|
= Trictia g [ 230 00 2] Bormpgendts [ 001 2| T Mackrsauegesy: [T1000 5
Ceameny of Tebp
gk B Frimay Humsay REkao: [ 55 5] Aagudsnnen s Prisiy o [ € 5
AR B Eanphs Morarvectragl [ 7 2] as etecter. Barnpts Mmtvardree: | £ 5
CfilascaPamiry-Calmaknken] [ 2 55 5] Cotimila: [oar g [ 2] obictar Cawmitingersic [ 211 2]
Fifnr Whssd Ik
Compoamd Farmgiz T [£2 it Thic Py
[ camiweos [ o [ s [l
r i [wny [=md =g
r—a [owy w4 [
Sawphs i
Fic I_""‘ A e v e A I'CH' e AR _I
i s [ o1 g L e peeazy [ 1000 4
Restikn of Giegelak
Upsiata v |

FIG. 2. The GUI of the devel oped software that simulates PIXE induced XRF intensities.

As an example of the developed software, calculations for the total X ray distribution
emanating from a Cu thick target when 3MeV protons bombarding its surface are displayed in
Figure 3. Using proper filtering for the resulted X ray beam, the relative intensity of the total
continuum radiation with respect to the characteristic X ray lines can be well below 1%. The
calculation of the bremsstrahlung emission by the Cu target was based in a parameterization
proposed by Murozono et al. [20].

3 3MeV Protons on Cu
100 g I Cu Characteristics
Bremsstrahlung (with 127um Kapton Filter)
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FIG. 3. X ray energy intensity distribution induced by 3 MeV protons an a Cu pure target.
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For a well defined solid angle (4.7msr), a total X ray flux up to ~10° photons per second is
feasible (Fig. 4). It is evident that the proton induced monochromatic X ray intensities despite
of their lower specifications with respect to the one produced at a synchrotron facility (for
example at BESSY Il X ray intensities of about ~ 2-5 10*° s™ are feasible exhibiting also sub-
millimeter spatial resolution and polarization properties), can be still considered as an
alternative, in particular low X ray energy source for dedicated experiments.

E_Geometry: 45°/45° Solid angle: 4.7msr Beam current: 144
[ Filter: Kapton to stop backscattered protons
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FIG. 4. Photons Flux from various targets vs. proton energy.

An additional stand alone software application has been also developed towards the
quantification of PIXE induced XRF analyses. The software is also applicable for the
quantitation of individual PIXE or XRF analyses including any mode of X ray excitation. The
spectrum deconvolution procedure and the determination of unknown concentrations are
linked simultaneously in an iterative manner leading thus to more accurate analysis of the
spectrum intensities. An example of the relevant GUI is shown in Figure 5.
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FIG. 5. GUI of the devel oped software for quantification analysis in combination with spectra deconvolution.
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2.3. Xray Resonant Raman Scattering on Al

Experimental measurements of the Resonant Raman scattering (RRS) on aluminium (Al) at
1.5 keV (Al-Ka) incident X ray beam have been performed. Analysis for the absolute RRS
cross section determination is under evaluation in order to be compared with corresponding
unpublished measurements performed in PTB laboratory at BESSY Il synchrotron radiation
facility. In this way, the behaviour of the phenomenon with respect to the polarized and un-
polarized type of incident radiation will be studied. In Figure 6 the acquired RRS spectrum is
presented together with the least squared fit based on the theoretical description of
experimental RRS intensities [18]. The absolute RRS cross section will be resulted based
either on the fluorescence K— emission of lighter than Al elements (F, Na, Mg), or based on
the respective RSS cross section of Si by Si-K incident X ray beam. It should be noted that up
until now experimental light element RRS cross sections have been reported only for silicon
and in particular, apart the work performed by Hall et al. [21], only the very recent
publications [22, 23] are relevant.
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FIG. 6. Resonant raman scattering on aluminum induced by Al-K lines.
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2.4. Study of cascade effect in Fe-L lines

A detailed study for the enhancement of the intensity of Fe-L fluorescence lines due to the
cascade effect triggered by the K-shell hole de-excitation process has been accomplished.
Using a wide range of primary targets, an extended energy range of primary X ray beams was
produced, both above and below Fe-K shell binding energy (7.11keV). In this way, the
relative jump of the Fe-L lines intensity when the energy of the incident X ray beam exceeds
the Fe-K shell binding energy has been determined (Fig. 7).

Fe K-shell lonization Energy

1E-8 |-

Fe-L Intensity / indicent exciting photon

L L L L
0 2 4 6 8 10
Incident Beam / keV

FIG. 7. Experimental Fe-L intensities normalized per incident photon measured by means of different proton induced
X ray beams. The abrupt jump of the Fe-L intensity above Fe-k shell energy indicates the K to L cascade effect.

2.5. Sdectable energy excited X ray Fluorescence analysis of geological samples
Using different proton induced X ray beams (Al-K, Ti-K, Cu-K), a selectable energy XRF

analysis was performed for geological origin standard reference materials (IAEA-SL1, USGS-
MAG1) (Fig. 8).

——— Al-K excitation, 1MeV Protons (360uCbh)
Ti-K excitation, 1MeV Protons (3604Cb)
Cu-K excitation, 2MeV Protons (90uCbh)

Fe-Ka

Certified
Concetrations
Na 0.17%
Mg  29%
Al 8.9%
Si 28.5%
N 1.2%
Cl 0.1%
K 1.5%
Ca  0.25%
Ti 0.517%
Cr 104ppm
Mn 0.340%
Fe  6.74%
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FIG. 8. The |AEA reference material SL-1 analyzed by means of three different proton induced X ray beams
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For particular elements, respective minimum detection limits were determined presenting the
analytical potential of the proton induced XRF technique (Table 1).

TABLE 1. MINIMUM DETECTION LIMITS EXPRESSED IN PPM FOR THE SL-1 AND
MAG-1 STANDARD REFERENCE MATERIALS FOR DIFFERENT EXCITING X RAY
BEAMS (CU-K, TI-K AND AL-K)

Proton beam dose 150uChb (~300s with 0.5uA proton beam current).

Minimum detection Limit (ppm)

Element Concentration (ppm) Cu-K Ti-K Al-K
Na 1720 nd nd 202
Mg 29000 nd 6638 287
SL-1 Ca 2500 186 20 nd

Ti 5170 48 nd nd
Mn 3460 33 nd nd
Al 86760 8783 2439
Si 235800 4405 1414

MAG-1 Cl 31000 230 57
Ca 9590 189 34
Ti 4500 89 nd
Mn 760 49 nd

3. Conclusions

A PIXE induced XRF scattering multi-functional chamber has been successfully designed and
installed at the 5.5MV Tandem VdG accelerator of Institute of Nuclear Physics at N.C.S.R.
“Demokritos”, Athens, Greece. It has been demonstrated that through an electrostatic
(Tandem VdG) accelerator, research can be conducted related to the basic interactions of
X ray s and atoms (Resonant Raman Scattering), as well as for atomic de-excitation processes
(K to L-shell cascade effect in Fe). Furthermore, a general-purpose quantification software for
XRS has been developed applicable not only for the PIXE-induced XRF technique but also
for general X ray spectrometric purposes.

The first experimental results obtained so far have showed optimum analytical performance
(analytical range, sensitivity) in the low and sub-keV energy region, a critical development in
comparison with the conventional tube excited XRF and PIXE modes. The perspectives for
further applications are numerous and significant towards: Systematic measurement of RRS
cross sections, the improvement of the detection limits for certain trace elements in metallic
matrices, evaluation of secondary processes in XRF spectrometry and for applying and
assessing reference-free quantitation using unpolarized excitation.
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Abstract

Gold alloys of moderate to high fineness do not corrode under natural conditions, and consequently the problem
of their analysis is not complicated by the presence of corrosion products. EDXRF-analysis is therefore ideal for
gold analysis, because bulk and surface analysis are mainly coincident. For a systematic analysis of many areas
of the same object, and for the analysis of many precious metal objects, only absolutely non-destructive and non
damaging techniques may be proposed, and among them, Energy-Dispersive X ray Fluorescence (EDXRF)
analysis is the most suited, because it is not only absolutely non-destructive, but also multi-elemental, reliable
and rapid. The fact that reliable EDXRF can be used in a portable set up adds much to the above important
statements. EDXRF-analysis is a surface analysis, in the sense that the thickness of the alloy involved in the
analysis is of the order of microns to a maximum of tens of microns; because of this peculiarity, which can be
considered negative from the analytical point of view, EDXRF-analysis is able to distinguish a gold alloy from
gilded copper or silver alloys by using the internal ratio of Cu and Ag-lines. Around 500 B.C., in the
Mediterranean region, a process for purifying native gold come into use, and the practice to alloying native gold
first with silver and later with copper was introduced and this method is still in use nowadays. At the contrary the
practice to alloy native gold with copper was practiced already in the prehistoric civilizations of Central and
South America where gilded methods were extensively used. In this memory we are going to report the results of
the non destructive in-situ campaign on pre-columbian alloys from the royal tombs of Sipan with a portable
EDXRF equipment together with the protocol established to choose a proper bench-top XRF instrument for the
set up of a laboratory dedicated to the analysis of contemporary gold alloys. In the first case the goal was to give
archaeometric results on more than 50 golden objects from the Royal Tombs of Sipan and especially on their
gilding procedure. In the second case the goal was to determine, with reduced uncertainty, the fineness of the
raw material and semi-finished goldsmiths objects and to compare the results with cupellation.

1. Pre-Columbian gold alloys from the royal tombs of Sipan (Peru)
1.1. Introduction

On the north coast of present-day Peru flourished between 50 and 700 AD approximately, the
Moche civilization, which metalworking ability was impressively demonstrated when Walter
Alva and co-workers discovered in 1987 the “Tumbas Reales de Sipan” [1, 2].

Spectacular gold, silver and copper funerary ornaments were excavated, and are now exposed
in the namesake Museum, in Lambayeque, close to Chiclayo.

Important information could be deduced from the EDXRF these measurements, i.e.:

e Moche metalworking was based primarily upon objects made of hammered metal sheet.

e Besides native gold and native gold-silver alloys (with some copper), gold and silver were
already intentionally alloyed at that time.
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e The Moche developed very low carat gold (typically 80% Cu, 15% Ag, 5% Au) or silver
alloys appearing from outside as gold (or silver) by depleting the surface from copper (this
alloy is called tumbaga, i.e. depletion gilded or silvered alloy); the low carat alloy was
burned and/or treated with acids extracted from plants, which produced a copper oxide
which could be removed mechanically, leaving the surface covered with a thin film of
almost pure gold (or silver). In the case of gold the object was then placed in an oxidizing
solution containing, it is believed, salt, and ferric sulfate. This process removed through
oxidation the silver from the surface of the object leaving only gold.

Only objects made of gold (gold + silver + copper alloy), or tumbagas, containing a high
concentration of gold at the surface, preserved their gold aspects during the 1500 years burial
in the adobe pyramids. Other objects, made of copper, or silver-copper alloy, or gilded
copper, were found covered with green patinas containing copper corrosion products.

EDXRF-analysis also gives the value of the thickness of gold in the case of gilded copper or
tumbaga (the surface-behaviour of these two cases is similar, and an “equivalent” gold
thickness can be measured for tumbaga-gold).

To analyse Sipan alloys, a portable EDXRF-equipment was transferred to the Museum
“Tumbas reales de Sipan”, to systematically analyse the most important objects [3].
1.2. Experimental set-up

The portable equipment employed for analysis of Sipan alloys is composed of a X ray tube
(Eclipse 1l by AMPTEK-Oxford [4]), which is characterised by a Ag-anode, and works at
30 kV and 100 pA maximum voltage and current.

The portable equipment and the geometrical arrangement are shown in Figure 1.

PR

FIG 1. Experimental set-up, showing, on the left, the Eclipse Il X ray tube (with a brass collimator), and the S-PIN detector
(also collimated with a brass cylinder), during measurements on the golden mask, in the Museum “ Tumbas Reales de
Spén”, in Lambayeque, Peru.
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To reduce the X ray output of the tube the X ray beam is collimated with a brass cylinder 2
cm long and with an internal hole of 2 mm diameter. Further, to excite silver in an efficient
manner, the X ray tube output is also filtered with about 0.1-1 mm Al to better “form”, and
to partially monochromatize the X ray beam. In such a manner the radiation protection
problem is negligible, and the low energy tail of the X ray spectrum, which is not useful to
excite copper, silver and gold, is strongly reduced [5].

The X ray detector is a thermoelectrically cooled Si-PIN, with a 300 um, 7 mm? Si-crystal,
and a thin Be-window, with about 180 eV energy resolution at 6.4 keV* .The detector is also
collimated with a brass cylinder 3 cm long and with an internal hole of 2 mm diameter to limit
background and scattered photons.

To measure gilding thickness of gilded gold or silver, the Cu(Ka/Kp)-ratio or Ag(Ka/Kp)-
ratio and the (Au-L./Cu-K,) or (Au-L./Ag-K,)-ratios were employed [6].

1.3. Results

A large number of objects from the “Tumbas Reales de Sipan” were analysed, on gold, gilded
copper, tumbaga, silver and copper alloys. The majority of them originates from the tomb of
the “Sefior de Sipan”; several are from the tomb of the “Sacerdote” and other tombs.

1.3.1. Gold objects composition

Several objects from the “Tumbas Reales de Sipan” are made of gold, i.e. characterised by
the presence of Au, Cu and Ag as main components. In some samples traces of Fe, Zn and Br
are also visible.

1.3.2.Gilded copper: analysis and thickness measurement for gold

Only a few analysed objects from the “Tumbas reales de Sipan” are on gilded copper; they
were identified by the visible presence of deteriorated areas, and presence of only copper in
some of these areas. In the case of gilded copper it was possible to determine the composition
of the gilding layer, and its thickness was found from the (Nau-L/Ncu-x)-ratio; the Cu- Kq/Kg -
ratio could not be employed, because of the very reduced Au-thickness.

The mean gilding composition of various objects on gilded copper was determined to be:
Au~97.5%, Ag~2.5% (Cu, if present in the gilding, was not determined, because of the high
Cu-contribution from the support), while the gilding thickness was measured to be ~0.6 pum.

1.3.3. Tumbaga gold alloy: average composition and * equivalent” gold thickness

The majority of the gold alloys from the “Tumbas reales de Sipan” are made of "tumbaga".
From the point of view of EDXRF-analysis, i.e. from the X ray spectra, "tumbaga" behaves in
a similar manner as gilded copper, the gold-equivalent surface thickness can be determined
both from Cu-Ka/Kp — ratio and from (Nau-L/Ncy-x)-ratio. They refer, in any case, to a very
superficial alloy depth, of the order of 10 um.

1.3.4.Copper objects

Only parts a few objects are made of copper. All are composed of about 99% Cu, and traces
of Fe and/or Ni.
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1.3.5. Composite objects

Many objects from the “Tumbas Reales de Sipan” are interesting also for the variety of
composition. In the earrings n. 27 (Fig. 2), for example, the external spheres are made of
gilded copper; the gilding thickness was measured to be ~1 um, and the composition about
60% Au, 40% Ag. The external rings are of "tumbaga”, which thickness is of ~2.6 um. The
internal rings and the heads are of gold, with the following composition: Au=76%, Ag=16%,
Cu=8% and Au=65%, Ag=25% and Cu=10% respectively.

FIG. 2. Earrings made of gold (heads in the middle, areas 143 and 148, and internal rings, areas 142 and 147), gilded
copper (external spheres, areas 140 and 145) and "tumbaga” (external rings, areas 141 and 146).

2. Contemporary gold alloys
2.1. Introduction

For the selection of a bench top instrument, it is not an easy task to compare among different
commercial EDXRF instruments and settle their behaviours and performances in order to
determine which might be the best suited to the project needs. To support an accurate
comparison of the instruments, we assessed a protocol of analysis taking into account only
hardware performances, since the factory's software may have precluded a proper survey. The
instruments could stay at our laboratory only for 3 days. The procedure had to be concluded in
this time interval.

To guarantee homogeneous results, the analyses were performed on samples expressly created
for the tests and the deconvolutions on raw spectra were performed with the aim of the
software WinAxil (Camberra Inc.). The commercially available instruments that we analysed
were the Spectro "MIDEX", the Thermo Fisher "Fischerscope XAN" and the Italstructures
"Gold X". The companies released little or nothing information about the hardware set-ups.
The only information available was that the Spectro MIDEX was using a SDD detector while
the other two were using a S-PIN detector.
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To fulfill homogeneous results with instruments sometimes quite different one from each
other, it was necessary to set up an analytical procedure to be applied as strictly and as
scrupulously as possible so that all the equipment might be tested under identical ambient
conditions. This meant examining the same samples in the same order and to reduce the
geometrical factor, having the same operator handling and positioning the samples to be
tested.

The factors that were evaluated were: stability, linearity, MDL, energy resolution and easiness
of employ. In this memory we are going to report the results of the linearity and energy
resolution trials.

2.2. Results

As far as linearity is concerned the samples reported in Table 1 were analysed with the three
instruments under identical conditions. The samples were chosen for their percentage
composition in copper and silver ranging from zero up to 15% for the former and 35% for the
latter. The measures lasted 300 seconds each.

TABLE 1. COMPOSITION OF THE SAMPLES OF YELLOW GOLD ALLOYS USED
FOR THE LINEARITY TRIALS

Sample | Au (%) Ag (%) Cu (%o)
1s 950 50 0
2s 780 70 150
3s 770 100 130
4s 750 150 100
5s 730 200 70
6s 710 250 40
7s 700 300 0
8s 650 350 0

The instruments were used as the operational manual of the producer was suggesting for the
warm up and calibration procedures. Several measurements were made for every sample and
a correlation line was drawn with copper and silver concentrations versus experimental peak
counts. In Figure 3 and 4 we report the results for copper and silver.

In the graph, the instrument represented by a violet square has a SDD detector while the other

two have a S-PIN detector. The differences in results are mainly connected to the very
different count rate that characterise the SDD detector.
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As far as energy resolution is concerned a sample of pure iron was measured under identical
conditions with the three different instruments. The energy resolution calculated for the three
instruments is reported in Table 2.

TABLE 2. ENERGY RESOLUTION CALCULATED FOR THE THREE INSTRUMENTS
WITH A PURE IRON SAMPLE

Instrument |FWHM Fe (eV)
A 204
B 184
C 291

For a visual comprehension of the differences found in energy resolution, in Figure 5 we
report a section of the spectra of the best and worst energy resolution instrument between the
Nickel K alpha and the Gold L alpha peak of a white gold alloy sample.

FIG. 5. Spectra comparison for the best and worst energy resolution instrument (instruments B and C) between the Nickel K
alpha and the Gold L alpha peaksin a white gold alloy sample.

The main conclusion we can draw is that even with similar costs, commercial bench-top
EDXRF systems show very different responses to identical inputs. The one instruments that
was using a SDD detector exhibited the best results both in linearity and in energy resolution.

3. Conclusions

EDXRF-analysis is a surface analysis, in the sense that the thickness of the alloy involved in
the analysis is of the order of microns to a maximum of tens of microns; from an analytical
point of view, this peculiarity can be considered negative, but: (1) gold alloys of moderate to
high fineness do not corrode under natural conditions, and consequently the problem of their
analysis is not complicated by the presence of superficial corrosion products; (2) the objects
to analyse are always very precious from a technical and esthetical and archeometrical point
of view; (3) XRF "superficial" analysis are able to distinguish a gold alloy from gilded
copper or silver alloys.
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EDXRF-analysis is therefore ideal for gold analysis, because bulk and surface analysis are
mainly coincident and it is totally non destructive. In many cases when the bulk and the
surface are compositionally not the same, EDXRF analysis may point out the fact that is very
useful to study the production technology of the pre-colombian goldsmiths and the fake
jewels of nowadays production.

[1]
(2]
(3]
[4]
5]
[6]
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Abstract

The EDXRF and TXRF procedures for experimental set-up, measurement, quantification and all for necessary
controls were unified within the computer interface in LABVIEW environment. (Click=XRF). The EDXRF
quantification software for intermediate thick samples, utilizing the Emission-Transmission (E-T) technique, was
upgraded and determines beside the elemental concentrations also the quantitative information on the residual
matrix of the sample. The applications in plant physiology research gave some important results concerning the
transport of quite poisonous Cd atoms up to the reproductive organs (seeds) of the hyperaccumulating plant.
Beside the EDXRF also the p-PIXE and EXAFS techniques have been used in this research. The botanical origin
of bee honey harvested in Slovenia was determined by a fast and efficient approach utilizing the analyses of
mineral content of honey by TXRF and combined by a statistical analysis of a large number of samples collected
in years 2006 and 2007.

1. Introduction

The activities in the X ray Fluorescence (XRF) laboratory were devoted to the development of
the XRF quantification software and consequently to applications of this analytical technique
in the analysis of samples of different origin. The quantification software developed by the
IAEA was in the past years upgraded in our laboratory in order to cover the needs of newly
introduced XRF systems controlled by a practical computer interface in the LABVIEW
environment. The EDXRF systems used in our laboratory apply radioisotope and X ray tube
excitation as well as the proton induced Xray emission technique (PIXE). The Xray
spectrometers using the standard LN cooled Si(Li) and HPGe detectors and also the SiPIN
and Si drift (SDD) electrically cooled detectors were in use. The NIM module electronics
composed of the amplifier, ADC, and a suitable, usually computer controlled MCA were
used. Lately the integrated electronics systems, designed in our laboratory and also the
commercially available digitized signal processors (DSP) were introduced. The computer
interface developed in the LABVIEW environment (Click-XRF) enabled the complete
adjustments and control of the parameters of the EDXRF system, such as excitation
conditions, spectrum acquisition and analysis and quantification. These tasks were integrated
and could be reached by simply clicking the mouse on the respective command buttons in the
LABVIEW window. The quantification was performed by a single program, which was
capable to analyze data obtained by the radioisotope and tube excitation in a standard and
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TXRF modes, and to apply different models suitable for analysis of thick, transparent and thin
samples of different origin (matrix).

The applications of XRF spectrometry were in the last years mainly oriented into the plant
physiology research, especially in study of metal hyperaccumulating plants. These
applications have introduced and popularized more quantified approach of research in this
field.

In collaboration with PIXE laboratory a very promising research applying micro-PIXE
technique have proved to be quite useful. Collaboration with another research group of our
Institute resulted in some experiments with synchrotron radiation and EXAFS technique,
which yielded important data on transport and accumulation of Cd in seeds of
hyperaccumulating plants.

Applications of TXRF spectrometry in the analyses of bee honey with an objective to
determine the geographical and botanical origin of bee honey in Slovenia was also intensified
during the last years. The advantage of the technique due to simple sample preparation and
fast and sufficiently sensitive elemental analysis enabled a low cost analysis of a large number
of samples. Only in this way a comprehensive PCA statistical analysis of the obtained data
yielded reliable results.

2. Overview of the research performed and the results obtained

2.1. Software improvements

In Figure 1 a computer interface in LABVIEW environment, which integrates all the
commands which are used to carry out the XRF experiment and analysis of spectra, followed
by quantification, is presented. The excitation conditions at which the spectrum is measured
are defined by System settings and are shown on Figure 2. These data are saved in each of the
measured spectra and during quantification a proper calibration file is accordingly selected.
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FIG.1. Display showing all commands to perform XRF measurements.
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EE System settings

Set parameters | Yalues
Computer and interface settings
- specter files path c:' peduzo’ spect
- exe files path (findel, fitspe, gamuzej, qualitan) c:' peduzo bin
- specter acquisition (NO/YES) WO
- MCA interface (OLD/NEW), Port No. MNEW, 378
- motor present {yes/no) MO

Setting of excitation mode

- Source [select Fe, Cd, Am or none) none
- Tube
* Anode {select ch. symbol for tube anode or none) 0
* II. target (select respective ch. symbol or none) 0
* Filter (select respective ch. symbol or none) none
* voltage (input tube voltage in k¥) 30
* Current (input tube current in uA) 10
SAVE & EXIT I CANCEL

MOTE: changes in Computer and interface settings will take place after program restart.,

FIG. 2. Excitation parameters.
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| To evaluste thin layer deposits ... INPUT Sa&RMPLE WEIGHT =0 @ |

{ SELECT THE APPROPRIATE AMNALYSIS MODEL! |

[ Based on absorbtion in TOTAL MATRIX |
1. MEASURENMENT of absorption on the sample

2. MEASURENEMNT of absorption ... (indipendent of slope parameter)

]

. LIST OF experimental absorption parameters

| Based on absorbtion in RESIDUAL MATRIX
- LIST OF absorption parameters for TYPICAL LOW-Z MATRICES

. LIST OF experimental absorption parameters for STANDARDS

. INTERELEMENT COEFFICIENTS method (walid for THICK SAMPLES)

A~ I Y

. THRF analysis based on internal standard

FIG. 3. Quantitative routines included in the software package.

Concerning the quantification software the command ‘Do it’, if pressed, allows us to select
quantification models for the intermediate or thick samples (see Fig. 3) and for thin samples
(see Fig. 4).
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ELECT CAlLIBRATION FILE: ...

BASIC

SAMPLE WEIGHT g -cm—2] — | [ o.0000o0
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AAL YSIs OF THIN LAYERS!
Select...1,2or 3 :

1. SINGLE- or MULTI- ELEMENT coatings

2. AEROSOLES collected on filter

3. WATER SAMPLE PRECIPITATE on millipore filter

FIG. 4. Quantification for thin samples.

The quantification of samples with a none zero weight is divided into models based on the
absorption measurements in total sample by the Emmission-Transmissiom (E-T) method
(models 1 and 2) and into models, which require the knowledge of the residual matrix. The
residual matrix is defined as the matrix or the set of elements, which do not respond in the
spectrum by measurable intensities, but influence the fluorescent intensities of all the
measured elements in the sample by absorption. The measured elements together with the
residual matrix form the total matrix of the sample.

Within the framework of this CRP especially the models 1 and 2 were upgraded, though they
in principle depend on the well known E-T method of measuring additionally to fluorescent
intensities also the absorption in the total matrix of the sample.

The quantification by model 1 is symbolically presented in Figure 5. The E-T method is used
to determine the absorption value in the total matrix only at one energy shown also by a cross
on Figure 5. The procedure applied reproduces the absorption coefficients in the total matrix
by assuming some particular slope (-2.8) of the respective absorption curve in In-In
presentation. The evaluation of elemental concentrations starts in direction from the heaviest
to the lightest element in the sample or from elements with the absorption jump highest in
energy towards those with gradually lower energy of jumps in the total absorption curve. The
absorption curve for trace elements is assumed as practically smooth, because the jumps are
negligible due to low elemental concentrations. In case of elements with higher concentrations
the correct absorption jumps are reproduced by iteration utilizing the tabulated values of the
respective absorption jumps for 100% pure elements. The iteration procedure is presented
symbolically in Figure 5. After all of the measured element concentrations are evaluated and
the total absorption curve is reproduced, the absorption of measured elements is subtracted
from the total absorption values and the residual matrix and its parameters are in this way also
evaluated (see Fig. 5). It is interesting that by this method of quantification only tabulated K
or L, jumps of measured elements are used, and the complete set of absorption coefficients is
employed only at the end during the evaluation of the residual matrix. In case that the residual
matrix as a function of energy, which is always a smooth curve in the In ¢ / In E graph, does
not coincide with the slope of the typical low-Z absorption graphs, the iteration procedure
can be repeated with different starting slope in the total absorption curve.
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The quantification model 2 is symbolically presented in Figure 6. It also employs the E-T
method of absorption measurement at a single energy in the analyzed sample, but uses only
the measured ratio between the target intensities obtained with and without the sample. In this
model the first approximation of the residual matrix is selected as the set of values
proportional to the absorption in a typical residual matrix of the analyzed sample. One tenths
of the absorption in cellulose is applied in case of the organic sample or one tens of the
absorption in oxides or in alumo-silicates is used in case of inorganic samples. From
measured intensities then the concentrations are evaluated by iteration process, which corrects
for absorption in measured elements and in the adopted residual matrix. At the end of the
iteration procedure the elemental concentrations and values of the proper residual absorption
are available and the ratio of the E-T intensities can be calculated and compared with the
experimental value. The iteration is repeated by using new, usually higher value of the
residual absorption until the ratios of E-T intensity values, calculated and experimental
become the same within some prescribed accuracy. After each iteration the enhancement
corrections are also evaluated. As a result of this quantification process the elemental
concentrations as well as the proper absorption in the residual matrix are obtained.

It is necessary to mention that these procedures in model 1 and model 2 utilize the elemental
sensitivities and/or geometry constants, which are obtained by running a separate calibration
program as well as a program, which evaluates the shape of the excitation radiation. The
calibration program employs the intensity measurements on pure elements or stable chemical
constants and/or on a standard reference material, which needs to offer the data on elemental
concentrations of up to 100% of the matrix.

The mentioned quantification procedures offer usually the concentrations with the uncertainty
of 2%-5%. In any case it is very important that the sample is homogeneous and that the
fluorescent intensities are properly evaluated from the measured spectrum. The mentioned
iteration procedures in the quantification process converge usually very well, except in cases
when the E-T measurements or sample weights were not properly determined or the system
calibration is not good enough.

The quantification model 7 is used for the evaluation of elemental concentrations in TXRF
mode of excitation. The model is based on internal standard. In general the model is used in
the analysis of thin samples, but in case of the analysis of powdered samples also the
absorption correction can be applied. The quantification program calculates the elemental
sensitivities relative to the element of the internal standard. The tabulated fundamental
parameters are employed in calculations and the concentration of any element in the sample is
proportional to the concentration of the internal standard. The proportionality constant is a
product of intensity ratio divided by the elemental sensitivity ratio of element relative to the
internal standard.

2.2. Applicationsin the plant physiology studies

The population of the T. praecox plant from a metal polluted site in Zerjav (Slovenia)
accumulates exceptionally high metal concentrations of 1.5% Zn and 0.6% Cd without
showing toxicity —symptoms; a phenomenon known as hyperaccumulation.
Hyperaccumulating plants have attracted much interest during the last decade, mainly because
of their potential use in phytoremediation.
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The X ray spectroscopy techniques including EDXRF, u-PIXE, and lately also EXAFS have
proved to be quite useful in plant biology research [1]. A simple sample preparation and fast
multielemental analysis made possible to analyze a large number of soil and plant samples in
short time and at rather low cost and acceptable accuracy. In collaboration with the
Department of Plant Physiology of the Biotechnical Faculty, University of Ljubljana, an
intensive research in studies of hyperaccumulating plants was initiated and still continues.

After applying the EDXRF analyses in bulk samples of plant material the micro-PIXE was
applied and proved to be an efficient and powerful technique for qualitative and quantitative
element localization studies in the cryo-fixed and freeze-dried leaf cross-sections of metal
hyperaccumulating T. praecox [2]. According to the element localization patterns, the main
Zn detoxification mechanism was Zn sequestration in the symplast of large vacuolated
epidermal cells, while mesophyll symplast may be seen as a major site of sequestration and
etoxification of Cd and Pb. Relatively high concentrations of Cd found in phloem indicated
higher mobility of this element in T. praecox tissues compared to Zn and Pb.

Further research of Cd mobility was extended by utilizing the EXAFS absorption
spectrometry. These results [3] suggest that binding of Cd to strong ligands is the main
detoxification mechanism in T. praecox embryos. On the other hand in roots and shoots up to
80% of Cd was bound to weak oxygen ligands provided by the cell walls and organic acids
stored in vacuoles. In epidermis only slightly higher percent of oxygen ligands was detected
than in mesophyll, pointing out that vacuolar compartmentation is a main detoxification
mechanism found in both leaf tissues. In veins almost 60% of total Cd was coordinated with
sulfur ligands, indicating that Cd is transported through the plant as a stable metal complex.

The success of phytoremediation may also depend on beneficial associations between plants
and soil organisms. The described research [4] is devoted to finding compatible fungal
colonizers of hyperaccumulating T. praecox, which may therefore be important for
applications of these associations in phytoremediation.

2.3. Determining the botanical and geographical origin of bee honey

Utilizing the TXRF analysis in determining the mineral composition of bee honey harvested
at different locations in Slovenia proved to be an efficient method for determination of the
botanical origin of bee honey, when the obtained data was processed by the PCA and RDA
statistical analysis shown in Figure 7. This approach [5] enabled discrimination of the
botanical origin of Slovenian nectar honeys such as floral and acacia and of mixed nectar and
honeydew types such as lime and chestnut honey, whereas the honeydew honey types such as
forest, spruce, and fir honeys cannot be distinguished from each other. The reason is the
simultaneous harvesting of different types of honeydew by honeybees, resulting therefore in a
mixture of these types of honey. Forest honey is a mixture of different types of honeydew
including spruce, fir, and many other types of honeydew. Spruce and fir honeys are also
mixtures of several honeydews, but one type of honeydew, for example, spruce, prevails,
which is expressed in its sensory characteristics as well. It seems that the above-mentioned
analytical approach using only elemental analysis by TXRF is promising for multivariate
statistical analysis of other different food products such as nutrients, food supplements, and
additives. By such an approach the quality control and determination of the geographical
origin, production location, and authenticity could be established.
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FIG. 7. Results of PCA for identification of origin of bee honey

3. Conclusions

The presented activities in our XRF laboratory will continue also in future. Concerning the
EDXRF quantification software it will be further upgraded in order to achieve better accuracy
in elemental analyses. The present programs applying the E-T technique need some more
upgrading in order to include proper absorption in the residual matrix of the sample, which
should be approximated as a combined composition of oxides of all not measured light
elements such as Na, Mg, Al, Si, etc. Improvements of the computer interface in LABVIEW
environment should include also the data acquisition by the Digital Signal Processors (DSP)
of different manufacturers, which are already used in the laboratory. It is also planned to
introduce and adapt the presented quantification software also to the WDXRF system.

The applied approach in the analyses of the origin of bee honey will extend also to the
establishing of the origin and quality of different food products such as nutrients, food
supplements, and additives in combination with statistical analyses. This might reveal and
check the authenticity and possible adulteration of these products available on the market.
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Abstract

Preparation and investigation of Fe-doped ZnO system is investigated by different techniques as a case study of
the use of combined spectroscopic techniques in material science. Optical spectroscopy, X ray diffraction
(XRD), near-edge X ray absorption (XANES) and X ray magnetic circular dichroism (XMCD) have been used
in this study. Information about the variation of the crystal structure, optical absorption, energy gab, chemical
state and magnetic exchange coupling with Fe doping in ZnO are deduced form the above mentioned techniques
to provide a comprehensive understanding of these technologically important diluted magnetic semiconductors.
The optical absorption showed an increase of the absorption band intensity, a redshift of the absorption peak and
the band edge and in increase in the gab with increasing Fe content. XRD results provided information about
structural modification such as reduced anisotropy, reduction of the grain growth and shortening of the c-axis.
XANES on the other hand provided useful information about the chemical state of Fe in the structure;
information that is not easily found from other techniques. XMCD measurements provided information about the
Orbital magnetic moment and the spin magnetic moment and the type of coupling between Fe ions and other
species in the material.

1. Introduction

Ferromagnetism and semiconducting properties coexist in magnetic semiconductors such as
Eu and Mn- chalcogenides and Cr spinels, but the crystal structure of these materials is very
different from that of traditional semiconductors like GaAs, Si, ZnO, and TiO,, used in
industrial applications [1-5]. Magnetic semiconductors based on non-magnetic
semiconductors through low level doping with magnetic elements are called diluted magnetic
semiconductors (DMS). These materials have emerged as an excellent solution for such
structural mismatch.

A tremendous increase in the number of research articles on magnetic nanoparticles impeded
in a semiconducting nonmagnetic matrix has been observed during the last few years [4-7].
Because of the complementary properties of both ferromagnetic and semiconducting
materials, these systems are of great importance from both theoretical and application point of
views. In this introduction, an overview of technological applications of these systems as well
as the theoretical significance of understanding these materials will be outlined.

The discovery and utilization of semiconductors that are ferromagnetic at room temperature is
necessary for the realization of spintronics. Spintronic is a potentially very important recent
development in electronics and magnetic technology. In this technology, electronic devices
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rely on manipulating the spins of electrons, in addition to the holes, ions and/or atoms to
develop faster, smaller (increased transistor density compared to conventional
semiconductors), and less power consumption and dissipation in processing, transmitting and
storing information. Spintronics (sometimes called magnetoelectronics) combine both the spin
and charge of the electron to obtain devices with new functionality, non-volatility and
increased performance. Applications range from on-chip integration of magnetic storage and
electronic processing functions over nanometer length scales to quantum computing.

One main class of applications of spintronics is sensors. The first successful application of
this kind was the Giant Magneto Resistance (GMR) read head used in hard disks. It was
discovered in 1988 and commercialized in 1997 [4]. Nowadays almost all hard disks in the
market have GMR heads. These GMR heads are devices of alternating magnetic and
nonmagnetic multilayers. The resistance is different if the magnetic layers are ferromagnetic
or anti-ferromagnetically coupled that can be achieved by applying an external magnetic field.

The next application that expected to have a large economic impact is the nonvolatile
memories that can be accessed even if the computer is turned off, unlike the Si-based
semiconductor technology that is used today. These Magnetoresistance random access
memories (MRAM) are very close of being commercially available.

The last group of possible application mentioned above is the spin transistor utilizing the
concept of spin injector. Spin injectors of spin polarized current from a ferromamagnetic into
a semiconductor is necessary to carry out quantum bit (qubit) for operation of quantum
computers. This has not been achieved experimentally yet because of large conductivity
mismatch between a ferromagnetic metal (Fe) and the semiconductor (In GaAs). Scientists are
optimistic to resolve this experimental obstacle through spin injection via the so-called half
metallic ferromagnets (HMF).

DMS materials provide an alternative for the conventional magnetic semiconductors
especially after the discovery of ferromagnetic properties in some DMS materials above room
temperature [1]. Theoretical calculations predict a magnetic transition temperature of most of
the group 111-V semiconductors doped with 3-5% Mn near 100K. It was demonstrated by
Dietl et al. for the first time that GaMnP has a curie temperature above 300 K [8]. Later on,
very few non-traditional DMS compounds has proven to have ferromagnetic ordering above
300 K and among them is Co-doped TiO; anatase (CoxTi1-xO2) which was discovered recently
and proven to be the most magnetically robust DMS compound with respect to magnetic
moment at saturation [9-12].

From theoretical point of view, magnetic coupling in DMS materials occurs through exchange
interaction between the magnetic spin and free charge carriers in the semiconductor. Such an
interaction can take place via p-d or d-d exchange and can lead to antiferromagnetic or
ferromagnetic coupling, depending on the concentration of the magnetic impurity and its local
structure. DMS materials are used as spin injectors only if they are ferromagnetic. We have
observed significantly different magnetic properties of (CoxTi1.xO,) prepared by oxygen
plasma assisted molecular beam epitaxy (OPA-MBE) and pulsed laser deposition techniques
[9]. Furthermore, the magnetic properties of these films were also found to depend on the
particle size, concentration of magnetic impurity (x) and on the substrate.

In the field of nano particles and thin films, the properties of the surface and interface will be
completely different from those of the bulk material. As the atoms in nano particle system and
thin films have different surrounding environments, the magnetic coupling and the electron
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interactions in the material will be greatly affected as a result of symmetry breaking.
Furthermore, the magnetic ions and semiconducting material in the DMS film will couple
differently with different substrate materials. The properties will also depend strongly on the
density of magnetic impurity ions and density of charge carriers and vacancies. Therefore, the
variation of the magnetic properties that we have observed in our preliminary study [8], could
be expected.

The work done for this project was performed at two different laboratories, namely: the
surface science laboratory at King Fahd University of Petroleum and Minerals (KFUPM),
Dhahran, Saudi Arabia; under the leadership of Professor Noaur Tabet, who is a co-
investigator of this project, and at the advanced Light Source (ALS) at Lawrence Berkeley
National Laboratory Berkeley CA, in collaboration with Dr. Zahid Hussain, facility deputy for
scientific support.

Sample preparation and characterization were performed at KFUPM. The main two
characterizations techniques performed on these samples are the X ray diffraction and optical
absorption spectroscopy.

X ray absorption Near-Edge Structure (XANES) and X ray Magnetic Circular Dichroism
(XMCD) were performed at the advanced Light Source (ALS) Facility at Lawrence Berkeley
National Laboratory, a national user facility that generates intense light for scientific and
technological research. The ALS is one of the world's brightest sources of ultraviolet and soft
X ray beams, and the world's first third-generation synchrotron light source in its energy
range. The work was performed at the chemical and material sciences beam line b.1.9.3.2. The
beamline is a bend magnet beamline with an energy range 30-1000 eV, provided by a
spherical grating (SGM) monochromator with three diffraction gratings (100, 600, 1200
lines/mm) for low, intermediate and high energy ranges respectively. The Resolving power
(E/AE) is typically 3000 with a maximum of about 8000. The beamline has capability of
getting circularly polarized light, for magnetic studies. Although the beamline is equipped
with three end stations, the end station that was used in this project is the UHV Advanced
Materials Chamber (AMC). The AMC is used to Study the atomic and electronic structure of
surfaces; and make use the capability for circularly polarized radiation. The chamber has a
precision manipulator, is equipped with Scienta SES 200 electron energy analyzer, sample
transfer capability, in situ application of magnetic field, heating up to 2300°C and cooling
down to 85 K. The chamber is also equipped with various preparation options such as
Sputtering, evaporation, quartz-crystal oscillator, LEED, XPS. It is also equipped with a
channeltron, photodiode and a drain current measuring capability for various modes of
absorption measurements. This chamber is utilized with various spectroscopic techniques
mainly: Photoelectron diffraction, XPS, XANES, and XMCD. Figure 5 and Figure 6 show the
schematic diagram of the beamline and the AMC end station respectively.

2. Scientific scope of the CRP

2.1. Overall objectives of the project

The project will help researchers in the region and their collaborators, to improve the
characterization of materials by using combined spectroscopic methods, as well as developing
integrated instruments and analytical methodology. These techniques are expected to be more
widely used in the Middle East region, particularly with the increased interest in using
synchrotron facilities. Some of these techniques can also be developed using a conventional
laboratory X ray source.
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2.2. Specific research objectives:

(1) The study of DMS using a variety of advanced spectroscopic techniques will lead to
better understanding of the physical properties of these relatively newly discovered
materials of technological importance. The results will show the advantages of adopting
a multitechnique approach to study a wide variety of problems in materials science and
other fields including monitoring environmental pollution, industrial impact, cultural
heritage, human health and agriculture.

(2) To enhance the analytical approaches of the investigators by integrating various software
for processing and presentation of the data, through involvement of graduate and
undergraduate students at both the participating Institutes in the Middle East.

3. Overview of the research performed

3.1. Sample preparation

A set of Fe doped ZnO thin films were prepared during the first phase of the project, by DC
Magnetron sputtering method under special conditions. High purity Zinc Target of radius 5
mm was used with various numbers (0, 2, 4, 6) of Fe wires of 0.25 mm diameter were fixed
on the zinc target. Pure oxygen was used instead of argon. The oxygen pressure was
maintained at 5X10™" Torr. Two Other sets of samples were prepared: with and without
heating the glass substrates.

3.2. Xray diffraction

X ray diffraction measurement (XRD) was performed for the samples. The evolution of the
crystal structure as Fe content was introduced is shown in Figure 1. The Figure shows an
increase in the c-axis anisotropy of the film with increasing Fe content and an increase of the
c-axis length. The XRD spectra for the second set of samples while heating the substrate for
samples with different Fe content (number of Fe wires) and different substrate temperatures
showed a slight variation in the peak position of the 002 line is observed for samples with
different iron content. The FWHM increases as the number of Fe wires increases which
suggest that the grain size growth is reduced by Fe addition as shown in Figure 2. A slight
difference is observed in the peak position of the (002) peak when the substrate temperature
was increased [2].

— i A |

FIG. 1. Evolution of the X ray diffraction patterns of the samples as Fe Content was increased.
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FIG. 2. The peak position and the FWHM of the 002 XRD peak as Fe was increased

3.3. Optical absorption

Figure 3 shows the optical transmittance for various samples with energy while Figure 4
shows the optical absorption coefficient as a function of energy. The transmittance spectra
show an increase of the absorption band intensity, a redshift of the absorption peak and the
band edge with increasing Fe content. These results are consistent with results obtained for
Co-doped ZnO [5]. These optical properties suggest that spd exchange interaction and dd
transition become dominant with increasing the Fe content, which leads to enhancement of
ferromagnetic properties of Fe-doped ZnO films. As in the case of Co-doped Zn-O, Fe
substitution for Zn** drives ferromagnetism in this system without changing the structure
[2-4].
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FIG. 3. Optical transmittance spectra of Fe-doped ZnO thin films with different iron concentrations.
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FIG. 4. («E)? graph for the determination of optical band gaps of Fe-doped ZnO thin films with different iron concentration.

Optical absorption results are shown in Figure 4. The Figure shows a gab modification with
increasing iron content. The gab Eg ~ 3.21 eV for un-doped films and for films doped with
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two wires is 3.28 eV, 3.28 eV for films doped with 4 Fe wires and was 3.33 eV for films
doped with six Fe wires.

3.4. XANES measurements

The X ray absorption measurements at the Fe L, 3-edges , were carried out at beamline 9.3.2
at the Advanced Light Source, Lawrence Berkeley National Laboratory (Figs. 5 and 6). The
experiments were performed with a resolution about 0.2 eV. The pressure in the XANES
experimental chamber was about 1x10*° Torr. The spectra were recorded by detecting the
total electron yield (TEY) from the samples drain current. TEY is a surface-sensitive
technique, unlike the X ray fluorescence yield (XFY) which is a bulk-sensitive measurement.
Therefore TEY data do not require self-absorption correction. The Iy signal from a gold grid
upstream from the beamline was also recorded for normalization purposes and to monitor the
energy calibration from the Cr L, 3-edges’ absorption signal in lo which originates from the Cr
on the beamline gratings. The samples were mounted to a molybdenum holder with UHV-
compatible double-sided conductive tape. Background subtraction was performed using a
linear background fit for the energy region prior to each absorption edge. The monochromator
was calibrated by running X ray photoemission spectra (XPS) for Au samples at different
photon energies.

ALS Beamline 9.3.2
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FIG. 5. Schematic diagram of the ALS beamline 9.3.2 showing the main components of the beamline.
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FIG. 6. The Advanced Materials Experimental Chamber at the ALSb.l 9.3.2. The chamber was used for this study.

3.5. XMCD method

XMCD is a technique that is sensitive to magnetic polarization and element specific
properties. This technique enables quantitative determination of the element specific spin and
orbital magnetic moments and their anisotropy through the sum-rules analysis of experimental
data [13]. Such analysis will help in understanding the origin of the observed improvements
and may lead to improvements in synthesis and annealing procedures to produce better
material with better properties that could be used in technological applications.

X ray absorption spectroscopy (XAS) uses energy dependent absorption of X rays revealing
elemental composition of the sample. On the other hand, XMCD utilizes the change of the
absorption spectra of circularly polarized X rays when passing through a material in two
different directions. Therefore, XMCD combines the sensitivity of the X ray absorption
spectra to both the magnetic polarization and the element specific surface sensitivity. XMCD
concept was first introduced by Schitz et al. in 1987 [14]. The X ray absorption process
become spin dependent by the use of right or left circularly polarized photons which transfer
their angular momentum to the excited photoelectron. This will result in ps; (L3) and p12 (L2)
levels have opposite spin-orbit coupling, the spin polarization will be opposite at the two
edges. In the absorption process, "spin-up™ and "spin-down" are defined relative to the photon
helicity or photon spin. (XMCD) technique senses the local anisotropy of charge, spin and
angular momentum around an atom that is excited by the absorption of polarized X rays.
Orbital magnetic moment m,,, and the spin magnetic moment m.,  can be obtained from

XMCD Experiment. For a review on XMCD, please refer to the article by J. Stohr [15].
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3.6. XANESResults
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FIG. 7. (a) XANES spectra at Fe L, ;3 edges for samples with various Fe content. (b) Fe L3 edges spectra for various Fe

compounds from Ref. [2].

Figure 7(a) shows the XANES spectra for samples with different Fe contents at the Fe L, and
L3 edges, while Figure 7(b) represents XANES spectra for MnFe,O4 and other Fe compounds
at the L, 3 edges obtained from Ref. [2]. The spectra were obtained with linearly polarized
X rays. The Figure indicates a mixed Fe valence state of Fe*? and Fe*. Unlike XRD results
above that indicated that Fe enters the ZnO site as +2 state. The XRD results provide an
average and approximate answer to the valance state of Fe through the variation of the lattice
parameter ¢ and through the ionic radii of the two valance states of Fe and the ionic radius of
Zn*2. On the other hand, XANES results provide an exact value of the proportions of Fe*? and

Fe*?® states through peak fittings.
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FIG. 8. XANESat the two light polarizations for samples4, 3,2 and 1; and XMCD for samples 4, 3, and 2.
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Figure 8 (a, b and c) presents the XANES spectra at both the left and right hand polarizations
and the XMCD signals for samples with the highest three Fe content. Figure 8(d) shows the
XANES spectra for the sample with the lowest Fe content (about 1%) performed at the two
light polarizations. The intensity was so weak and noisy and therefore it was not possible to
obtain a reliable XMCD signal. Comparing the results of the XMCD for our system with the
results in Figure 9 [2, 16] we can conclude that Fe co-exists in both +2 and +3 charge states,
which confirms the results obtained by XANES spectra. The XMCD magnetic signal at the
L3 edge provides evidence of this result. It can also be inferred that the negative polarity of
the XMCD signals indicate an antiferromagnetic exchange pd coupling [17, 18].
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FIG. 9. XMCD signal at the L, 3 Fe edges for (a) MnFe,O, (ref 2) and (b) for FeZnO from Ref. [15].

4. Conclusions

XRD results provided useful information about crystal structure, phase formation, substitution
and indicated that the valence state of Fe. On the other hand, optical absorption results
provide additional information about band structural variation of the Fe-ZnO with Fe doping.
This can be related to the electronic structure and interaction mechanism of Fe electrons with
the ZnO matrix. XANES provides information about the chemical state while the XMCD
provided information about the type of magnetic coupling and intrinsic magnetic properties of
the DMS.
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Abstract

Laboratory-based confocal micro X ray fluorescence offers novel characterization capabilities not found in
conventional analytical techniques. CMXRF has been used to characterize a range of uranium oxide from 100 to
10 micrometers in diameter, an inertial confinement fusion target composed of a Be doped sphere and compared
with radiographic images obtained with micro X ray computed tomography. These two imaging platforms were
integrated in the characterization of a surface mount resistor, demonstrating the increased information content of
combining the structural information of the MXCT and the elemental information of the CMXRF. Density
measurements using the CMXRF have been demonstrated on aerogel samples, identifying a high density skin on
cast and machined aerogels. A prototype thermal inkjet picofluidic system has been used to deposit picoliter
volumes from 300 to 1 pL of aqueous solutions to create custom reference materials for calibration of MXRF
instrumentation.

1. Introduction

Significant progress has been made in furthering the development of confocal micro X ray
fluorescence (MXRF) for elemental imaging. This progress has been developed in several
areas: 1) initiated integration with micro Xray computed tomography (MXCT),
2) visualization of the confocal data and 3) implementation of a picoliter deposition
technology. The integration of CMXRF with MXCT offers a 3D elemental distribution along
with a 3D structural visualization. The improved visualization allows easier evaluation of
confocal data and subsequently the materials being studied. The biggest advance has been the
development of picoliter deposition of samples. This has opened new capabilities of
depositing known masses of elements in discrete dimensions. This deposition capability
enables calibration of the micro X ray probe beams which can now lead to quantitative
measurements which previously were not possible.

2. Overview of the research performed and the results obtained

The ability to provide both elemental information and the spatial distribution of the elements
detected in three dimensions is an inherent advantage of confocal MXRF. In addition to the
3D distribution of elements, the confocal probe offers the unique capability of dimensional
density measurements. While the density measurement is unique to CMXRF it offers the
potential to identify not only structural features not readily identified by the elemental
composition but to provide density distributions throughout the material in a non-destructive
manner. CMXRF has been applied to a variety of materials for 3D spatially resolved
elemental analyses. Materials studied include such diverse samples as uranium oxide particles
on a polymer film, paint chips, inertial confinement fusion (ICF) targets and a surface mount
resistor. In each of these applications, the ability to discern structural features based on
elemental spatial distribution provided unique insight into the material being studied.
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In the case of the uranium oxide particles, the CMXRF was able to detect particles ranging in
size from over 100 micrometers to less than 10 micrometers. The point of this exercise was to
demonstrate the detection capability of the 30x30x60 micrometer confocal probe volume for
features smaller than the probe itself. The high density uranium oxide particles were clearly
delineated by their elemental signature. Although the smaller particles were detected, the
larger probe volume was unable to clearly delineate the actual particle size. However the
difference between the uranium oxide particles and the low density polymer support film,
offered a unique contrast using the density mapping capability of CMXRF. The X ray scatter
provides information on the presence of the polypropylene film even though it cannot be
directly detected based on its elemental composition. The 3D image cross section is shown in
Figure 1. The orange color is the uranium oxide particles. The gray shows the X ray scatter, in
particular the polypropylene film which was used as a substrate for the particles.

FIG. 1. 3D CMXRF image of uranium oxide particles
on polypropylenefilm.

The ICF target and the surface mount resistor offered opportunities to initiate and demonstrate
the integration of MXCT structural imaging with the 3D elemental imaging of CMXRF. The
ICF target consisted of a 2.47 mm diameter sphere with a 147 micrometer Be coating [1]. The
Be coating has 2 doping elements, copper on the inner portion and argon through the entire
147 micrometer thickness.

Figure 2A shows a reconstructed cross section of the Be capsule obtained with an Xradia
MXCT instrument. The contrast in density between the copper doping and the Be substrate
are clearly delineated. However the MXCT image is based purely on absorption of the X ray s
and provides no elemental information. Figure 2B however, is a composite plot of a cross
section of the MXCT line profile through the edge of the capsule, shown by the dotted line
and the solid lines are elemental line profiles obtained from the CMXRF. There is a clear
correlation of the outer Ar doped Be portion and the inner Cu doped Be portion. The iron
appears to be present throughout the entire Be shell while the Ni appears to be only a
contaminant in the Cu doped region. Although the density difference of the Cu doping
enables the MXCT to distinguish the two doped portions of the Be capsule, the CMXRF
provides a clear elemental signal of the Cu doping region compared to the Ar doped region.
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The Ar profile would be detected if the sample was in a vacuum environment since we were
able to detect the Ar with the conventional MXRF instrument. While the CMXRF does not
have the micrometer level resolution of the MXCT, the elemental profiles track the MXCT
structural cross section quite well.
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FIG. 2. A) MXCT reconstruction of ICF cross section. B)
Line profiles from MXCT (dashed) and CMXRF elemental
profiles (solid).

The integration of structural and elemental features in three dimensions offers unparalleled
information and knowledge about a material. The structural features are obtained from the
MXCT while the elemental is given by the CMXRF. The ability to integrate data from these
two different datasets offers new opportunities to study materials. One feature of integrating
the two datasets is the ability to correlate elemental composition with structural features not
readily identified in the CMXRF images. The secondary feature is to use the MXCT to
provide a guide in bounding the elemental images. In using MatLab for visualizing the
elemental distributions, the selected isovalues are currently not calibrated spatially and
typically exceed the actual dimensions of the material.
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The MXCT with its higher spatial resolution and fixed spatial parameters offers one approach
in providing spatial bounds for the CMXRF elemental images. Figure 3 (top) shows a picture
of a surface mount resistor along with a simple X,Y map of the elements present. The readily
recognized features are the numbers which are presumably TiO,, the nickel plating for
soldering, the manganese again presumably a paint pigment and aluminum from the ceramic
Al,O3 package. This is contrasted with the CMXRF 3D elemental image shown in Figure 4.
This shows the Ni, and the Ti, however this time the Al cannot be detected due to the air
environment. The ability to detect X ray scatter is demonstrated by the gray which is the
Al,O3 ceramic. The new feature shown here is the lead at the center of the resistor. While lead
was detected in the X,Y map, it was not clear where the lead correlated in the white light
picture of Figure 3 (top).

FIG. 3. Picture of surface mount resistor (top) with 2D
X,Y elemental map overlay (bottom) showing Ni
(magenta), Ti (red), Mn (yellow) and Al (green).
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This became clear when we overlay the CMXRF image of just the Ni and Pb maps with the
structural image of the MXCT reconstruction shown in Figure 5. The MXCT provides a
spatial guide for the appropriate selection of the lead isovalues and we see almost a complete
match of the CMXRF elemental image with the MXCT structural image. The encouraging
aspect of the overlaid images is the excellent correlation of the CMXRF image with the
MXCT image. The small cut-out which looks like the numeral *7” matches quite well. We are
continuing to develop this integration of the CMXRF with the MXCT images in order to
achieve a more realistic elemental image with validated isovalues in visualizing this 3D data.
The density measurement capability of CMXRF provides a unique insight into materials
which cannot be obtained with other technology [2].

FIG. 4. CMXRF 3D image of surface mount resistor.
Elements shown are Ni (magenta) Ti (red), Pb (yellow)
and X ray scatter isgray.

FIG. 5. Overlay of MXCT structural image (gray) with
CMXRF elemental images of Ni (magenta) and Pb
(yellow).
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In Figure 6A the X ray scatter from an aerogel is shown. Since the aerogel is primarily silica,
there is no elemental signal present. The silicon X rays are absorbed by the air environment.
However, we have discovered the X ray scatter is proportional to the density of the aerogel.
This is shown in Figure 6B, which is a plot of the bulk density of five different aerogels,
measured several times. The linear relationship between the X ray scatter and the bulk density
provides a novel method for density measurements. This is achieved because the confocal
volume is probing a volume in space within the material. The confocal volume can detect
either the elemental signal or the X ray scatter. The Bremsstrahlung scatter is directly
proportional to the density of the material as demonstrated by the linear relationship shown in
Figure 6B. This relationship has been quite useful in determining the presence of a skin in the
aerogels. The skin is due to void shrinkage as the aerogel dries and had been assumed to be
uniform over the bulk of the material. A line scan from the surface through the aerogel sample
to the opposite surface is shown in Figure 6C (black).
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FIG. 6 A) X ray scatter spectrum from aerogel. B) Plot of
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machining (violet). Arrows indicate high density skin.
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These line profiles clearly illustrate the skin formation on the aerogel part. The black trace is
the from a 37 mg/cm3 bulk density specimen. The violet plot is the same aerogel sample with
approximately 2 mm removed from the radius of the sample. Hence the material is 4 mm in
diameter smaller. The trace of the machined material again shows a skin at the surface of the
aerogel. This is due to the collapse of the voids near the surface. The thickness of the skin is
approximately 200 micrometers. This clears shows that the shrinkage only occurs near the
surface. This is a significant problem because the density is not uniform throughout the
sample. This measurement is only possible with CMXRF measuring the X ray scatter which
has an intensity relationship with the density of the material.

The ability to quantify elements in 3D remains elusive primarily due to the need for a robust
model to correct for absorption effects in the measurements as well as a need for 3D
references. Even a good 2D reference material that is known to be homogeneous at the
micrometer scale would be useful. Unfortunately there are few reference materials which can
be used to calibrate micro X ray fluorescence instruments. The ability to deposit known
masses in known dimensions at given spatial positions would alleviate the primary problem
for calibrating the CMXRF instrumentation. This problem is solved with a prototype
instrument based on thermal inkjet technology. The instrument is called a Thermal Inkjet
Picofluidic System (TIPS) manufactured by Hewlett Packard. Previous work using
dismantled inkjet print cartridges, although successful, did not sufficient control of the print
parameters [3]. Since the TIPS device enables such control there are several key parameters
which have been studied to reproducibly deposit aqueous solutions for quantitative XRF
analyses. One of the issues has been evaporation control. Although the nozzles on the TIPS
are quite small, there is still an appreciable and measureable amount of evaporation which
occurs. This evaporation results in concentration of the analytes within the chamber prior to
deposition. This means that without any compensation or mitigation the first number of
droplets deposited is much higher in concentration than the actual solution. The evaporation
can be controlled in two ways: 1) humidity control of the deposition chamber or 2) the quite
time between deposits can be varied. Although humidity control can be easily achieved, not
all deposition systems have an environmental chamber to raise the humidity to at least 60% to
minimize any evaporation effects. On the other hand, optimizing the quite time can achieve
the same results. The quite time control is done in conjunction with a purge deposition to
clear the holding chamber of the TIPS nozzle prior to initiating the deposition. With a quite
time of around 180 ms, the intensities of droplets with chamber humidities from around 20%
to 90% show no discernable difference in elemental intensity. With the evaporation issue
under control, the deposition of various picoliter volumes and concentration of elements
provides linear calibrations for a number of elements over several orders of magnitude. The
mass deposited ranges from a few picograms to over 300 picograms. The volumes deposited
range from 1 pL to 250 pL. By combining different concentrations, different deposition
volumes as well as using arrays of droplets, mass depositions exceeding 100 ng can be
achieved. The array depositions are useful for large area excitation beams such as
conventional EDXRF and WDXRF which typically have excitation areas ranging from
several mm to several cm in diameter. This has been demonstrated with TXRF [4], where an
array of around 8000 droplets exhibited an increase in linearity compared with typical VPD
measurements.

The droplet dimensions vary from around 10 micrometers to over 50 micrometers on
polypropylene. The substrate surface affects the size of the dried residue droplet, however, in
most cases the dried droplet residue is usually less than 80 micrometers depending on the
mass, volume and substrate. The thickness ranges from around 200 nm to almost
3 micrometers. These thicknesses are still within the thin film regime which allows

127



quantification without too much interelement absorption effects. One of the key features of
these picoliter depositions is the uniformity of the deposit. While there are still some issues to
understand in achieving complete homogeneity, these initial studies indicate quite acceptable
homogeneity at the micrometer level. This is shown in Figure 7, which is an Auger electron
map of the Ni distribution of a 25 fg droplet on Si. The homogeneity of the Ni distribution is
quite good across the nominally 5 micrometer deposit. Hence, this demonstrates the feasibility
of creating any desired elemental micro-reference material of known mass which can be used
to calibrate not only XRF instrumentation but other micro-analytical techniques as well.
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A final demonstration of the useful calibration nature of these picoliter depositions is shown
in Figure 8. This figure shows the measured energy beam width in a commercial MXRF
instrument by doing line scans through known size elemental deposits. Since the instrument
uses a monolithic polycapillary, the X ray beam width changes with energy and hence the
element detected. The blue triangles are the experimentally measured beam widths, while the
magenta squares are calculated from NIST SRM thin film elemental intensities. The straight
line fit through the two blue diamonds is the typical beam calibration using a tungsten wire
and the L and M lines. This shows the utility of having elemental deposits of known mass and
size in calibrating the X ray energy dependence. The measured beam size ranges from
nominally 30 micrometers at 17 keV (Mo) to almost 100 micrometers at around 1.5 keV (Al).
Such beam size calibrations are critical in being able to accurately quantify different elements
within a multielement deposit. This sort of calibration can be extended to CMXRF as shown
in Figure 9.

wmillimeters

FIG. 9. CMXRF 3D elemental image of 100 pg Ni
(green) deposits and iron (red) dust particle.
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A small array of 100 pg nickel deposits (green) was imaged in 3D to illustrate the confocal
beam size. In addition, the red figure in the image is the iron signal from a dust particle which
landed on the deposit. The droplets and the dust particle are about 5 times smaller than the
nominally 30x30x60 micrometer confocal volume. Thus the Ni droplet image shows the
confocal beam shape. The ultimate utility of this deposition capability is to enable the creation
of 3D reference materials. Such 3D reference materials of known thickness, mass and
dimensions will enable refinement of confocal modelling for accurate quantification of
elements at depth.

3. Conclusions

Confocal micro X ray fluorescence offers unique capabilities for three dimensional elemental
imaging not found in conventional analytical techniques. There is enhanced information
content when confocal MXRF and micro X ray computed tomography are integrated, with
MXCT offering the potential to provide a calibration for bounding the elemental visualization
dimensions. CMXRF also provides new capability of density measurements based on X ray
scatter detected via the confocal volume. This is a new non-destructive approach to not only
comparing density within a specimen but identifying structural features which cannot be
detected using MXCT. The ultimate goal of quantifying elemental species at depth is one step
closer with the TIPS prototype instrument for depositing and creating custom reference
materials. There is significant potential for creation of 3D reference materials which can aid in
modelling confocal MXRF measurements and ultimately quantification of elements at depth
within samples.
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