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WELCOME
On behalf of the Organizing Committee, it is my great pleasure to welcome you to the
International Conference on Nuclear Microprobe Technology & Applications, which
takes place in Lisbon, Portugal, on July 22-27, 2012.
Since the first edition in 1988, ICNMTA has established itself to become a premier
conference in microbeam technology. The conference fosters the gathering of
scientists from all over the world to exchange ideas, share new knowledge and
technical know-how in the relevant fields.
13th ICNMTA includes plenary sessions, keynote lectures and several specialized
sessions on different topics related to microbeam optics and instrumentation, imaging
and tomography, cell irradiation and proton beam writing with relevant applications in
Materials Science, Microelectronics, Biology, Biomedicine, Earth & Environment
Sciences, and Archaeometry. The conference also includes tutorial talks, poster
sessions and the Proton Beam Writing workshop, which will be held at the
conference venue.
Thank you for joining us for the 13th edition of the ICNMTA and we hope this will be
an enjoyable meeting offering rewarding interactions between different areas of this
scientific domain.

Teresa Pinheiro
Conference Chair
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SPEAKERS
Technical support will be available every day throughout the conference for
speakers.
Please bring your presentation on a CD, DVD, or on a “disk on key” memory stick
and load it on the computer at the auditorium.

DIALLING CODE

POSTER PRESENTATION

International dialling code for all countries is 00. Dial 00 followed by the country code
and phone number.

Posters will be displayed during the entire conference in the LCD monitors in
automatic mode: each poster is displayed sequentially.
An application enables the selection of posters at any LCD post.
In the Scientific Programme you will find the poster LCD monitor codes, date and
time of poster presentation.

EMERGENCY NUMBER: 112
REGISTRATION/ INFORMATION / SECRETARIAT
The Registration Desk is situated at the Conference Hall for the whole duration of the
conference.
OPENING HOURS:
Sunday:
16:00 – 20:00
Monday:
8:30 – 18:30
Tuesday to Friday: During conference hours

CERTIFICATE OF ATTENDANCE
The certificate of attendance will be provided upon demand.

CONFERENCE SECRETARIAT
IST/ITN - Unidade de Física e Aceleradores
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1600-503 Lisboa, Portugal
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INSTRUCTIONS FOR POSTER PRESENTERS AND MODERATORS
Poster sessions have moderators and provide the opportunity for convivial scientific
discussions and exchange.
For further details please refer to the list of Poster Sessions in the Scientific
Programme.
During poster sessions each poster will be displayed for exactly 10 min.
During this period of time the presenting author is invited to present his work and
discuss it with the audience.
Presenters are requested to stand next to the monitor where the poster will be
displayed.

SCIENTIFIC PROGRAMME
TUESDAY, 24 JULY 2012

SUNDAY, 22 JULY 2012
16:00 Registration
18:00 Ice-break

9:30-10:30 - Cell Irradiation

MONDAY, 23 JULY 2012

9:00
9:30
9:45

8:30
9:00

Chair: Philippe Moretto

Registration
Opening

10:00 O-14
10:15 O-15

09:30-10:45 - Microbeam Technology I
Chair: Geoff Grime
9:30 I-01
10:00 O-01
10:15 O-02
10:30 O-03

Frank Watt: Nuclear microprobes: Towards nanometre spot sizes
Kostiantyn Melnik: An Experimental Study of Microprobe Focusing Process in
Quadruplets with Four Independent Lens Power Supplies
V. Palitsin: The Nuclear Microbeam Installations at the Surrey Ion Beam
Centre
Marcus Moser: Proton beam brilliance enhancement at the Munich
microprobe SNAKE

10:45 Coffee-break

11:40 O-04
11:55 O-05
12:10 O-06
12:25 O-07

Roger Webb: Imaging Ambient Pressure Secondary Ion Mass Spectrometry
Using MeV Ions
Guanghua Du: Focusing high energy heavy ions to micrometers at IMP
István Rajta: Investigation of particle guiding through an insulating capillary by
proton microbeam
Marius Simon: In-air Capillary Microprobe for STIM and PIXE
Maciej Borysiuk: Hydrogen analysis and profiling with a DSSSD

12:40 Lunch break
Chair: Mikio Takai

14:15 O-09
14:30 O-10

Chair: Günther Dollinger
11:00 I-05
11:30 O-16

12:15 O-19

14:00-15:45 - Applications Biology & Biomedicine II
Chair: Jan Pallon

14:15 O-21

Christopher Ryan: Maia in a box: High definition PIXE mapping system for
the CSIRO Nuclear Microprobe
Chammika Udalagama: An ionbeam analysis software based on ImageJ
Nicolae Podaru: An HVE 3 MV Tandetron accelerator system for microprobe
applications

14:30 O-22
14:45 O-23

14:45 Tutorial: Materials Analysis and Microelectronics
David Jamieson & Ettore Vittone:

15:00 O-24

15:45 Coffee-break

15:15 O-25
15:30 O-26

IAEA Panel
16:15 O-11

Philippe Moretto: Nuclear microprobes in biomedicine and environment: a
review of technical developments and applications
Yaodong Wang: Micro-PIXE analyses of frozen-hydrated semi-thick biological
sections
Nirav Barapatre: Quantitative microscopy with trace element sensitivity:
application in biomedical research
Hervé Seznec: Microscopic elemental composition of eukaryotic and
multicellular specimens using a combination of microscopy techniques
including nuclear microprobe analysis. Relevance for nanotoxicology
investigations.
Jiro Matsuo: MeV-SIMS with Swift Heavy Ion Beams toward MolecularImaging

12:30 Lunch break

14:00 O-20

14:00-14:45 - Microbeam Technology III
14:00 O-08

11:00-12:30 - Applications Biology & Biomedicine I

12:00 O-18

Chair: Frank Watt

Günther Dollinger: Radiation biophysics and medicine meet ion microprobes
François Vianna:Targeted cell irradiation at CENBG
Christoph Greubel: RBE enhancement by sub micrometer focusing of low LET
protons
Charlotta Nilsson: Cell irradiation at LIBAF
Bruno Merk: A laser system for the microprobe at GSI

10:30 Coffee-break

11:45 O-17

11:10-12:40 - Microbeam Technology II
11:10 I-02

I-04
O-12
O-13

Josephine Lacroix: Micro PIXE-RBS for the study of Sr release at bioactive
glass scaffolds / biological medium interface
Federico Picollo: Diamond-based biosensor microfabricated by means of ion
beam lithography: amperometric detection of quantal catecholamine secretion
from individual chromaffin cells
Charlie Jeynes: Gold nanoparticles as radiosensitisers for cancer
radiotherapy: RBS/PIXE analysis of gold in cancer cells
Maria Dolores Ynsa: Study of human mesenchimal stem cells response in
carboxylated titanates modifited by proton beam writing
Ana Picado: Nuclear Microscopy as a tool in nano TiO2 bioaccumulation
studies in aquatic species
Volker Hable: Subdiffusion of DNA repair protein foci
Rattanaporn Norarat: Ion-induced fluorescence imaging of endosomes

15:45 Coffee-break

Aliz Simon: Accelerator-based Research & Development Supported by the
IAEA
16:45 I-03
Karen Kirkby: Microbeams in the 21st Century – a roadmap for development
17:15 Panel discussion

16:15 Poster Session II

17:30 Poster Session I
19:00 Welcome Reception at Museu da Cerâmica, Sacavém
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WEDNESDAY, 25 JULY 2012

11:00-12:45 - Proton Beam Writing II

9:30-10:30 - Applications Material Sciences & Microelectronics I

11:00 O-40

9:00
9:30

I-06
O-27

11:30 O-41

9:45

O-28

Chair: György Vizkelethy

Chair: David Jamieson

10:00 O-29
10:15 O-30

Milko Jaksic: Review of nuclear microprobe applications in material science
Jacopo Forneris: Modeling of Ion Beam Induced Charge Sharing experiments
for the design of high resolution position sensitive detectors
Thomas Osipowicz: Deuterium 3D microscopy by micro-beam conventional
ERD and high resolution (magnetic) ERD
John-William Warmenhoven: Ion beam analysis: a new technique for the
analysis of gunshot residue?
Satoshi Abo: Improvement of Time Resolution in Single-Event ThreeDimensional TOF-RBS using Beryllium Nanoprobe

10:30 Coffee-break

11:45 O-33
12:00 O-34
12:15 O-35

12:45 Lunch break

16:00 Coffee-break
16:15 Poster Session III

Chair: Ettore Vittone

11:30 O-32

12:00 O-43
12:15 O-44

14:30 -16:00 Proton Beam Write Workshop

11:00-12:30 - Applications Material Sciences & Microelectronics II
11:00 O-31

11:45 O-42

Andrew Bettiol: Three-dimensional metamaterials fabricated using Proton
Beam Writing (extended oral)
Szabolcs Szilasi: Creation of 3D microstructures in PDMS by compaction due
to proton irradiation
Hiroyuki Nishikawa: Micromachining of Polytetrafluoroethylene by Direct
Etching Using Proton Beam Writing
Harry Whitlow: Angular spreading measurements using MeV ion microscopes
Mark Breese: Three dimensional silicon machining at micro and nano-scale
dimensions (extended oral)

David Jamieson: Addressing roadmap challenges: adapting nuclear
microprobe technology to build engineered atom devices
Andrés Redondo-Cubero: In-depth diffusion and homogeneity of metallic
contacts for GaN-based microdevices
Joana Rodrigues: A comparative study of photo- cathodo- and ionoluminescence of GaN nanowires implanted with rare earth ions
Gyorgy Vizkelethy: Investigation of ion beam induced radiation damage in Si
and GaAs diodes
Zeljko Pastuovic: Overview of Radiation Damage Studies in Silicon Diodes
Exposed to Focused Ion Beam Irradiation-Proposed Template for further
Research of Radiation Damage Studies in Semiconducting Materials and
Devices by IBIC

20:30 Gala Dinner at Palácio Conde D’Óbidos

FRIDAY, 27 JULY 2012
09:30-10:30 - Earth & Environment
Chair: Per Kristiansson

12:30 Lunch break

9:30

O-45

9:45

O-46

10:00 O-47
10:15 O-48

14:00 Excursion to José Maria da Fonseca caves and Palmela castle including a
barbecue at sunset in Quinta Velha

Wojciech Przybylowicz: Elemental imaging of organic matter and metal
associations in ore deposits using micro-PIXE and micro-EBS
Khodja Hicham: Extraterrestrial materials examined by mean of nuclear
microprobe
Katrin Peeper: High Energy Backscattering meets Proton-Proton-Scattering
Alessandro Re: New markers to identify the provenance of lapis lazuli: trace
elements in pyrite by means of micro-PIXE

10:30 Coffee-break

THURSDAY, 26 JULY 2012

11:00-12:15 - Applications – Art & Archaeometry

9:00-10:30 - Proton Beam Writing I

11:00 I-08

9:00

I-07

11:30 O-49

9:30

O-36

Chair: Lorenzo Giuntini and Filomena Guerra

Chair: Andrew Bettiol

9:45 O-37
10:00 O-38
10:15 O-39

Jeroen van Kan The 2nd Generation Proton Beam Writing Facility; Results
and Outlook
Saad AlShehri: Progress in proton beam writing of buried channels and
overhanging structures for microfluidics applications
Feng Chen: Proton Beam Written Optical Waveguides in Laser Crystals
Nitipon Puttaraksa: High speed and fast microfluidic prototyping by
programmable proximity aperture MeV ion beam lithography
Hidetaka Hayashi: Microelectronic devices on polyimide substrate processed
by Proton Beam

11:45 O-50
12:15 O-51
12:30 O-52
12:45 O-53

Filomena Guerra: The role of nuclear microprobes in the study of cultural
heritage gold and silver items
Bogdan Constantinescu: Aspects of Ancient Gold Metallurgy as Revealed by
micro-PIXE and micro-SR-XRF
Lorenzo Giuntini: Ion beams and X-rays at the LABEC laboratory for Cultural
Heritage
Carlos Pineda-Vargas: Micro-Analysis of Rock Art Paints from Southern
Africa: A Conservation Perspective
Francisco Ager: Silver surface enrichment in ancient coins studied by microPIXE
Victoria Corregidor: Analysis of surface stains on modern gold coins

13:00 Lunch break

10:30 Coffee-break
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14:30- CLOSING SESSION – Mark Breese
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ABS #151

I-01

ABS #76

O-01

Nuclear microprobes: Towards nanometre spot sizes

An Experimental Study of Microprobe Focusing Process in Quadruplets with

F. Watt, X. Chen, C.N.B. Udalagama, C.-B. Chen, A.A. Bettiol

Four Independent Lens Power Supplies

Centre for Ion Beam Applications, Department of Physics, National University of Singapore,

K.I. Melnik, D.V. Magilin, A.G. Ponomarev

Singapore 117542

Institute of Applied Physics, Nat. Academy of Sciences of Ukraine, Sumy, Ukraine

Nuclear microprobes have been around for over 3 decades, and yet the field, which
includes both instrumentation development and applications, is still a long way from
maturity.
This presentation will indicate how nuclear microprobes can eventually supersede
electron technology in several areas, including advanced lithography (proton beam
writing) and 3D microscopy. The presentation will include topics such as:
Present state-of-the-art resolutions, currently ~20nm spot sizes.

•

Theoretical predictions of ultimate resolutions for deep lithography and subsurface microscopy.
Examples of high resolution whole cell microscopy.

•

Attaining 10nm resolutions and below.

for further probe size reduction. For such aim, new ideas on the design of systems of
quadrupoles are needful. As one of possibilities, we gave studying results on optics
of quadruplets with independent excitation sources of all four lenses during the
previous conference [1].
Being commonly used, systems such as Oxford triplet and Russian quadruplet utilize
only two sources to excite quadrupole lenses. As the number of lenses is more than

•

•

It is necessary to develop probe-forming systems possessing high demagnifications

two, constrained power couplings of N–2 lenses with one or another lens of a final
focusing doublet are limiting capabilities of the system to influence upon beam and
are producing troubles in alignment procedure and hysteresis influence minimization,
so such systems function in special modes. In the mentioned study, excitations of the
final doublet lenses were determined from a condition of stigmatic focusing, and
other N–2 excitations were free parameters. In a generated parametric set, a
maximum of acceptance was searched which has agreed with a current density
maximum. The theory has predicted potentialities to realize working regimes with
current densities significantly greater than that is in classical Russian quadruplet. It is
also feasible to create systems with great concentration effect. Above-stated
possibilities do not require changes in a beam-line.
We performed a switching of our probe-forming system as a quadruplet with four
independent lens power supplies. An experimental study of optical properties was
carried out in regimes with high (70-200 pA) and low (below one pA) currents. In high
current mode acceptance grew by 2.7 times.
[1] A.A.Ponomarova, et al., Nucl. Instr. and Meth. B 269 (2011) 2202.
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ABS #189

O-02

ABS #185

O-03

The Nuclear Microbeam Installations at the Surrey Ion Beam Centre

Proton beam brilliance enhancement at the Munich microprobe SNAKE

V. Palitsin, G.W. Grime, L.D. Antwis, C. Jeynes, J.C. Jeynes , B.N. Jones,

M. Moser1, K. Peeper1, P. Reichart1, W. Carli2, G. Dollinger1

K.J. Kirkby, M.J. Merchant, R.P. Webb

1

Universität der Bundeswehr München, LRT2, 85579 Neubiberg, Germany
2

University of Surrey Ion Beam Centre, Advanced Technology Institute,

Beschleunigerlabor MLL, 85478 Garching, Germany

Guildford, GU2 7XH, U.K.

Proton-proton (pp) scattering is one of the most appropriate methods for hydrogen
The 2 MV HVEE Tandetron is one of three accelerators at the University of Surrey

microscopy in 3 dimensions [1]. Both, sub-ppm sensitivity and fast analysis require

Ion Beam Centre and was commissioned in 2002. The activities on this accelerator

less than few 100 pA beam current and hence allow the application at common high

are concentrated on ion beam analysis (IBA), microfabrication and biological

resolution microprobes. But still, a high brilliant proton beam is the basic requirement

irradiation using scanned focused beams. At present five individual beamlines

for sub-µm beam focus at these currents. Raytracing simulations of the optimum lens

employing quadrupole focusing to sub-mm, micron and sub-micron dimensions are

design at SNAKE demonstrate, that a brilliance of B = 1 µA mm-2 mrad-2 MeV-1 is

operational or under development. These are:

required for 100 nm beam focus with 100 pA target current under ideal conditions [2].

1. Horizontal nanobeam for microfabrication. A novel two-stage system with

So far we achieved 10 times less brilliance and ~1-2 µm at SNAKE that is installed at

electrostatic scanning providing beam diameter < 500 nm.
2. General purpose microbeam for micro-IBA. An Oxford Microbeams triplet
microbeam with sample chamber permitting routine PIXE, RBS, STIM, secondary
electron and PIGE analysis. Optimum resolution ~ 1µm with currents up to 1 nA
(3 MeV proton).
3. High current millibeam for high-throughput and high-accuracy IBA and channelling

the Munich tandem accelerator [3].
We installed a multicusp ion source for negative hydrogen ions manufactured by
HVEE [4] at the Munich 14 MV tandem accelerator [5]. At the ion source exit we
measure a beam brilliance B = 27 µA mm-2 mrad-2 MeV-1 that in fact represents the
space charge limit for conventional ion sources at 30 kV extraction potential. After

analysis. A quadrupole triplet with magnetic scanning provides beam diameters

180 kV preacceleration we achieve B = 10 µA mm-2 mrad-2 MeV-1 and B = 2.3 µA

from mm down to ~10 µm at currents up to ~50 nA.

mm-2 mrad-2 MeV-1 are measured at the high energy side in front of SNAKE at 17

4. Heavy ion microbeam for external IBA applications including MeV-SIMS

MeV proton energy. This give us an brilliance improvement by a factor 25 from the

combined with PIXE. A triplet of small bore magnetic quadrupoles can focus

new source but there is still a loss of brilliance of a factor ~4 through the tandem

heavy ion beams up to 50 MeV.amu/q2 which are extracted though a Si3N4

accelerator.

window into air. This beamline can also be used for conventional external beam

We present beam transport simulations through the tandem accelerator to elucidate

PIXE analysis using protons.
5. Vertical nanobeam for biological single cell irradiation. A miniature triplet of
quadrupole lenses in a vertical orientation provides a scanned focused beam of
counted single ions for live cell irradiation applications in a dedicated cell biology
laboratory.
6. In this paper we present a general description of the Tandetron laboratory and
beamlines and give some examples of performance.

7

the requirements for even larger beam brilliance at SNAKE.
[1] P. Reichart, et al., Science 306 (2004) 1537.
[2] G. Hinderer, et al., Nucl. Instr. and Meth. B130 (1997) 51.
[3] P. Reichart, et al., Nucl. Instr. and Meth. B219–220 (2004), pp. 980–987.
[4] J. Visser, et al., Nucl. Instr. and Meth. B231 (2005) 32.
[5] M. Moser, et al., Nucl. Instr. and Meth. B273 (2012) 226.
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ABS #182

I-02

ABS #111

Imaging Ambient Pressure Secondary Ion Mass Spectrometry Using MeV Ions

O-04

Focusing high energy heavy ions to micrometers at IMP

B.N. Jones, V. Palitsin,G.W. Grime, L.D. Antwis, A.Abdul-Karim, R.P. Webb

L. Sheng, M. Song, G. Du, Y. Yuan, B. Dang, H. Su, D. Gao, X. Zhang, X. Yang, Y.

University of Surrey Ion Beam Centre, Advanced Technology Institute,

He, B. Zhang, W. Li, J. Liu, Y. Sun, K. Man, Y. Guo, R. Mao, Z. Wang, J. Xia, G. Xiao

Guildford, GU2 7XH, U.K.

Institute of Modern Physics, Chinese Academy of Sciences, P.O. Box 31, 509 Nanchang Rd.
Lanzhou, 730000, China

For over 40 years MeV heavy ions have been used to efficiently sputter insulating
targets. In fact, one analysis technique, called Plasma Desorption Mass

A focusing high energy heavy ion microbeam facility was constructed in the Institute

Spectrometry (PDMS), became quite popular in the late 1970s and its development

of Modern Physics (IMP) of CAS. This microbeam facility has been tested using 12C6+

resulted in a commercial instrument which employed Cf fission fragments as a source

with the energy of 80.55 MeV/u recently. And the results showed that the full width at

of MeV heavy ions. The technique was able to desorb large secondary molecular

half maximum (FWHM) of the beam spot was less than 2 µm in air, and the ion hitting

ions from surfaces, surpassing the secondary ion yields achieved using standard

frequency can be adjusted between 1 particle and 1200 particles per second. Details

(keV) secondary ion mass spectrometry (SIMS) techniques. In the 1980s, however,

about this microbeam facility including the descriptions of the hardware, the beam

Laser Desorption Ionisation techniques (such as Matrix Assisted Laser Desorption
(MALDI)) were also being demonstrated, which did not require the presence of

optics, and the beam test are presented in this paper.

radioactive material or a large accelerator. Consequently, PDMS was all but
forgotten.
There was, however, a recent resurgence of interest in the technique when it was
shown that the so-called electronic sputtering mechanism induced by PDMS
(renamed MeV-SIMS) can be achieved with a focussed beam to produce images
with a much higher spatial resolution than is currently possible with laser techniques
such as MALDI. It has also been demonstrated that the technique can be performed
simultaneously with Heavy Ion PIXE measurements. One of the serious limitations to
secondary ion mass spectrometry techniques (including MALDI) is the effect of the
matrix on the secondary ion efficiency which can make even relative measurements
difficult. The combination of MeV-SIMS with the PIXE elemental signals removes
some of the ambiguity in these measurements. A further recent development has
been the demonstration that the Mass Spectrometry can be performed at pressures
above the vapour pressure of water, thus enabling SIMS to be performed on wet
samples.
In this paper, we describe the new equipment being commissioned at the University
of Surrey which will allow simultaneous MeV-SIMS and PIXE to be collected in full
ambient pressures with a micron beam resolution. We show examples of the work
performed so far in vacuum as well as the preliminary results from the new
instrument performed at atmospheric pressure.
9
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ABS #94

O-05

ABS #138

O-06

Investigation of particle guiding through an insulating capillary

In-air Capillary Microprobe for STIM and PIXE

by proton microbeam

M.J. Simon, M. Döbeli, M. Schulte-Borchers, A.M. Müller

I. Rajta, G.U.L. Nagy, R.J. Bereczky, K. Tőkési

Laboratory of Ion Beam Physics, ETH Zurich, Switzerland.

Institute of Nuclear Research of the Hungarian Academy of Sciences (Atomki),
H-4001 Debrecen, PO Box 51, Hungary

A microprobe for MeV ion beams has been developed based on glass capillaries.
The in-house produced capillaries have outlet diameters in the range of 0.7 to 10

Since its discovery, the study of the ion guiding in insulator capillaries has attracted

microns and ion beams with similar spot sizes can be transmitted without any

strong interest. According to our recent knowledge, the transmission of charged

significant energy loss if the ion beam is well aligned to the capillary. Due to the very

particles through insulating capillaries under incident angles larger than the

small outlet diameter of the capillaries, the beam can be extracted to atmospheric

geometrical limitation is based on the self-organized formation of charge patches on

pressure without thin foils or special differential pumping. Raster imaging is

the inner surface of the sample, producing a guiding electric field. Guiding sets in

accomplished by moving the sample with a piezo-driven XY stage. Injecting a parallel

when these charge patches reach a dynamical equilibrium (i.e. the arriving and

ion beam, particle rates adequate for STIM imaging are obtained easily. By additional

leaving ions result in a constant amount charge on the wall). Arriving ions come from

prefocusing of the beam the current can be increased sufficiently to allow also for in-

the incident beam, while the charge decreases by transport into the bulk of the wall

air PIXE single-spot and imaging measurements at reasonable speed. The setup

material, or along the surface towards the capillary exit. The transmitted ions keep to

procedure of the capillary micro beam is extremely fast and simple and virtually

high extent their initial charge-state.

independent of particle type and energy. Additionally, the capillary offers unique

Most of the experiments and simulations focus on the transmission of slow highly

targeting abilities.

charged

of

Measurements of the focus factor, i.e. the ratio of the number of transmitted particles

nanocapillaries. Systematic measurements of collisions between slow HCIs and a

ions

(HCIs)

through

randomly

distributed

or

ordered

arrays

to the number of incident particles divided by the geometric ratio of exit and entrance

microscopic glass capillary with large aspect ratio and with cylindrical shape has also

areas of the capillary, have been conducted carefully with collimated parallel beam.

been performed. The results prove that the guiding effect exists not only in the nano-

Only decent factors of about 2 were measured which contradicts values reported

scale.

earlier [1] but agrees quite well with more recent publications (e.g. [2]) and three-

In this work, instead of HCI, the combination of MeV proton microbeam and Teflon

dimensional Monte Carlo simulations based on SRIM.

microcapillary has been used. The beam spot size was 1 µm, and the angle of the

The detailed experimental setup of the capillary microprobe and first STIM and PIXE

beam divergence was between 0.3° and 0.01°. The axis of the capillary, at the

measurements will be presented. In addition, focus factor measurements will be

beginning of the measurement, was aligned to the direction of the proton microbeam.

discussed.

Then we tilted the sample relative to the beam axis and concluded that the guiding
phenomenon took place. This is the first evidence of the ion guiding effect using

[1] T. Nebiki, et al., J. Vac. Sci. Technol., A 21 (2003) 1671-1674.
[2] J. Hasegawa, et al., J. Appl. Phys., 110 (2011) 044913.

1 MeV proton microbeam.
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Hydrogen analysis and profiling with a DSSSD

Maia in a box: High definition PIXE mapping system for the
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our large area segmented detector. The double sided silicon strip detector (DSSSD)
[1], as it is commonly called, is a segmented silicon detector inherited from the fields
of high energy physics and nuclear physics. This type of detector is perfect for

Motivated to capture rare fine-scale detail in complex mineral samples, a large solidangle detector array (1.3 sr), scanning and imaging system has been developed for

analysis of reactions produced by heavy charged particles. This makes it well suited

the CSIRO Nuclear Microprobe (NMP) based around the Maia 384 detector array

for a number of analytical methods commonly used in ion beam analysis (IBA) [2],

and real-time processor [1,2]. A large chamber accommodates precision in-vacuum

such as Rutherford Backscattering (RBS) and elastic recoil detection (ERDA).

stages, optics for a normal to the sample zoom microscope and ion luminescence

This time our setup was modified and used to measure the hydrogen concentration

spectroscopy, conventional X-ray and particle detectors and a retractable in-vacuum

and depth profiles of hydrogen, this will be used primarily for geological applications.
Exact knowledge of the hydrogen content is important in a number of areas but high
enough accuracy can be difficult to achieve with other methods. In IBA normally

version of the Maia detector under development. This approach builds on the
experience of Maia integrated into the X-ray Fluorescence Microscopy (XFM)
beamline at the Australian Synchrotron [3], which can collect scanned data-sets of up
to ~10,000 lines for high definition SXRF element images of up to ~100M pixels [4],

some variant of ERDA, such as the well known proton-proton (p-p) coincidence

or ~100M voxel data-sets for 3D fluorescence tomography [5].

method is used. We will present in detail how the p-p coincidence technique was

This paper describes the Maia concept, provides an update on the NMP-Maia

optimized to get the most out of our experimental setup. Previously [3] this type of

development and illustrates Maia capabilities using application examples from the

spectroscopy has been performed with two detector channels. In the present setup
we expand that number from 2 to 96 channels, 64 on the front and 32 on the back of
the detector. This gives us 2048 distinct detector elements or 1024 possible

XFM beamline. Recent developments include: methods for real-time spectral
deconvolution of event data (at count rates up to 10 M/s and transit times per pixel as
short as 50 µs) to provide users with interactive, quantitative 2D element images online during data acquisition, methods for dead-time and pile-up rejection, per pixel

coincidences. This increase in complexity requires a more exact data analysis but it

correction for dwell (stage velocity) and beam-flux variation and off-line parallel

can reward us with higher sensitivity and a better background suppression.

processing methods for enhanced throughput.

[1] P. Golubev, et al., Nucl. Instr. Meth. B267 (2009) 2065-2068.

[1] D.P. Siddons et al., AIP Conference Proceedings 705 (2004) 953.

[2] M. Borysiuk, et al., Nucl. Instr. Meth. B269 (2011) 2229-2232.

[2] R. Kirkham et al., AIP Conference Proceedings 1234 (2010) 240-243.

[3] M. Wegdén, et al., Nucl.Instr. Meth. B219-220 (2004) 550-554.

[3] D. Paterson et al., AIP Conference Proceedings 1365 (2011) 219.
[4] C.G. Ryan et al., AIP Conference Proceedings 1221 (2010) 9-17.
[5] E. Lombi et al., PLoS ONE 6 (2011) e20626.
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An ionbeam analysis software based on ImageJ

An HVE 3 MV TandetronTM accelerator system for microprobe applications
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Singapore 117542

The suit of techniques (RBS, STIM, ERDS, PIXE, IL, IF…) available in ionbeam
analysis yields a variety of rich information. Typically, after the initial challenge of
acquiring data we are then faced with the task of having to extract relevant
information. This becomes non-trivial if the information sought is unconventional (e.g.
an angular line profile with a broad line).
When faced with such situations the usual practice at the Centre for Ion Beam
Applications (CIBA) at NUS has been to use our computational expertise to develop
ad hoc software tools as and when we need them. However, since these tools can
benefit the whole of the ionbeam community we have collected them to produce an
‘ionbeam’ module (plugin) to the widely used, open source software ImageJ. Not only
will this benefit the field by centralising a set of ionbeam tools but will provide a
platform for other groups to contribute and expand the functionality of this plugin,
thereby further increasing its utility.
This talk will present how this plugin is used and its current features that include (1)
reading listmode files (2) incorporating energy gates (3) thickness slicing (4) colour
scheme manipulation and (5) Region-of-interest extraction…

High Voltage Engineering Europa (HVE) has recently designed and tested a 3 MV
Tandetron™ accelerator system to be installed at the Horia Hulubei National Institute
for Research and Development in Physics and Nuclear Engineering (IFIN-HH),
Bucharest, Romania. The system is equipped for ion implantation, ion beam analysis
(IBA) and ion microprobe applications. In this contribution we present recent
developments at HVE to extend the capabilities of accelerator systems for ion
microprobe applications.
While Tandetron™-based systems offer the advantages of higher beam energies
(important for greater probe depths) and easier maintenance of ion sources over
single-ended systems [1], the issue of lower beam brightness needs to addressed. A
key step in improving the brightness lies in increasing the available ion beam currents
for injection into the accelerator. The new system features a compact multi-purpose
injector housing a model 358 duoplasmatron source, for light elements such as 1H,
4
He, and a model 860A Cs-sputter ion source producing heavy ions such as 28Si up to
197
Au. With direct negative extraction, the 358 source produces ~40 µA of analyzed
1 H . For 4He- injection, the MPI is equipped with a newly developed Na charge
exchange canal (CEC) [2]. First results show negative ion currents in excess of 8 µA
are available for injection into the low energy end of the 3 MV Tandetron™, a factor of
2 improvement over outputs measured with a Li-CEC. At the high energy end, the
system is equipped with a beamline with two sets of adjustable object and collimator
slits designed for microprobe applications. A core brightness of 2 A m-2 rad-2 eV-1 for 3
MeV H+ ions, and 0.8 A m-2 rad-2 eV-1 for 3 MeV He2+ ions (with the Li-CEC),
measured at the end of the beamline compares favorably with existing microprobe
beamlines with similar sources [3]. A new electrostatic microprobe lens has been
designed and installed at the entrance of an upgraded IBA chamber. Design details
and first measurements on the performance of the microprobe lens are presented
here. Measured beam spot sizes of 6.8 (±0.2) µm x 6.1(±0.2) µm, full width at half
maximum (FWHM) indicate the performance is within design specifications of 20 µm
(FWHM).
[1] J.Visser, et al., NIM B 231 (2005) 32-36.
[2] N.C. Podaru, et al., FRENA Group, D. J. W. Mous, NIM B 273 (2012) 231-233.
[3] A. Simon et al., Nucl. Instr. and Meth. B 219-220 (2004) 405-409.
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Accelerator-based Research & Development Supported by the IAEA

Microbeams in the 21st Century – a roadmap for development
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International Atomic Energy Agency (IAEA)
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SPIRIT Support of Public and Industrial Research using Ion Beam Technology is a
The International Atomic Energy Agency (IAEA) helps countries to mobilize peaceful

grant supported by the EU FP7 programme which provides access across the EU to

applications of nuclear science and technology. The three main pillars of the activities

a range of ion beam technologies and facilities, ranging from ion implantation, to ion

are: safety and security; science and technology; and safeguards and verification. As

beam analysis, to cell irradiation and emerging capabilities such as MeV SIMS.

part of the science and technology pillar, the Physics Section supports Member

Combined with the transnational access available through SPIRIT are a range of joint

States regarding utilization of particle accelerators and research reactors,

research activities, these aim to develop new capabilities though international

applications of instrumentation, and controlled nuclear fusion research. Support is

collaboration, with the aim to make these emerging technologies available, once

provided to the Member States in the form of capacity building, knowledge transfer

developed, to the community at large.

and networking.

networking activities. These ensure a rigorous system of quality assurance and

Worldwide Database of Ion Beam, Spallation Neutron Sources and Synchrotron Light

provides workshops and tutorials to early career researchers and those who want to

Sources was created and can be accessed via the Agency website: http://www-

learn about the field. The networking activities also provides regular workshops for

naweb.iaea.org/napc/physics/accelerators/database/datasets/foreword_home.html. It

those involved, newsletters and a web site. Those involved in SPIRIT have put

includes technical information on accelerator-based facilities used for applied

together a draft Foresight review which identifies key opportunities and challenges for

research and analytical services in the IAEA Member States.

the future and looks to establish a road map for technological development and

The Ion Accelerator Database is going to be restructured in 2012. We would like to

implementation.

collaborate with the IBA community very closely on this matter in order to develop a

This presentation will focus on the highlights of the SPIRIT project and concentrate

database what is widely accepted and regularly used. We would like to ask the

on the Foresight review and roadmap. It is very important that this review has input

conference participants to express their views and requirements on the structure and

from the various components of its community and the purpose of this presentation is

content of such accelerator database.

to elicit this response from the microbeam community and to further develop the

The third component of SPIRIT is its

Foresight review to incorporate this response.
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Radiation biophysics and medicine meet ion microprobes

Targeted cell irradiation at CENBG
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The light ion microbeam of the Centre d’Études Nucléaires de Bordeaux-Gradignan
High energy proton and heavy ion microprobes have attracted physicists, biologists

(CENBG) delivers protons or alpha-particles in the MeV energy range focused down

and even physicians to perform research in radiation physics, biology and medicine.

to a micrometer beam spot. In the early 2000’s, it has been equipped with a setup

The main attraction lies in the spatial and temporal well defined application of ionising

designed to extract the ions in air and to target living cells in-vitro [1]. This microbeam

dose in cells, tissue and small animals. Submicrometer beam diameters and pointing

line has been recently upgraded to a second generation facility, designed to improve

accuracy in the order of one micrometer allow structured as well as targeted

the targeting accuracy, to take advantage of the fast electrostatic beam scanning

irradiation of biological targets. The dose delivery can be performed with high

system and to allow online time-lapse microscopy.

accuracy since each ion traversing the material is counted either before entering or

Several independent experiments on CR39 track detectors and on living cells have

after leaving the target. Using different kind of ions the linear energy transfer (LET) to
the biological material can be chosen from low LET (LET << 10 keV/µm) to high LET
values (LET >> 10 keV/µm). Cell targeting as well as the study of some of the cell
reactions can be performed online with state of the art live cell optical fluorescence
microscopy. Other endpoints are studied offline after longer time scales by various

been performed to assess the performances of this new system. The beam spot size
is about 2 µm in air for both protons and alphas particles. Measurements on 20 cells
showed a targeting accuracy of 2.0 ± 0.7 µm. The first time-lapse microscopy
experiments have been performed on XRCC1-GFP HeLa cells and movies of the re-

methods.
The first research highlights came from Columbia University and Gray lab where the

localization of the XRCC1 protein following high dose irradiations have been

bystander effect could clearly be demonstrated that is the appearance of cell

The system’s performances have been improved in comparison to the first

reactions of cells being close to irradiated cells but not met by any radiation themself.

generation facility. Moreover, the online time-lapse imaging feature provides new

Although there is still a lot of work done with respect to bystander research there are

possibilities in creating highly localized radiation damages in individual cells and

many other topics of radiation biophysics and medicine addressed at ion

studying the dynamics of proteins involved in DNA damage signaling and repair.

microprobes. Examples are new kind of experiments using focused proton and heavy

Several developments are still in progress. For example, a single ion counting

ion beams to investigate the induction of high relative biological effectiveness (RBE),

system is under development and is planned to be inserted upstream the cell dish to

the competition effect of recruiting repair proteins when irradiating cells two times

allow a precise control of low dose irradiations.

within a few hours and investigating new ideas in using ions focused in space and

produced.

[1] Barberet et al, Rev. Sci. Instr., 76:015101, (2005)

time for tumor therapy with reduced side effects. We will give an overview of the
research done with this respect at the ion microprobe SNAKE at the Munich tandem
accelerator.
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RBE enhancement by sub micrometer focusing of low LET protons

Cell irradiation at LIBAF
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High LET radiation like heavy ions is well known to induce a higher biological

We will report on recent developments of the cell irradiation facility at LIBAF (Lund

effectiveness than low LET radiation for almost all endpoints. However, in order to

Ion Beam Analysis Facility). Previously, much effort has been put into creation of

obtain more insight into heavy ion tumor therapy some major features of the

patterned cell substrates, allowing for cells to grow of several isolated islands in a cell

biological effectiveness of high energy and high LET ions are essential to analyze in
more detail.
High LET radiation deposits doses in the order of few gray into a cell nucleus by only

dish [1, 2]. The purpose of this earlier work was to allow for studies of possible cell
medium mediated bystander effect. Since then, however, the focus of the biological

few hits, whereas for low LET particle several hundred hits are necessary. As a result

studies has shifted, towards rather investigating possibilities of controlling the

the spatial dose distribution of low LET protons is nearly homogenous with dose

bystander effect [3].

2

enhancements up to 10 Gy around the proton tracks. In contrast, for carbon ions the

The new developments that will be addressed in this paper include renewed efforts in

dose is concentrated around the few ion tracks exceeding the maximum dose of

providing the most cell friendly environment possible during irradiation at the LIBAF

protons by two orders of magnitudes (using the track structure model of [1]).

microbeam, where various aspects of factors influencing cell survival have been

To study the influence of spatial dose distribution on the biological effectiveness we
use the ion microprobe SNAKE to concentrate the deposited dose in cells by
focusing a certain number of low LET protons to a sub micrometer spot which

investigated.
In addition, as part of the quest for a truly cell friendly environment, yet another new

approximate a high LET dose distribution. In detail, human hamster hybrid (AL) cells

Petri dish (commercially available this time) has been used. This dish does, however

have been exposed to an average dose of 1.7 Gy using randomly distributed 20 MeV

– as opposed to the previously used, custom-made dishes – not allow for post cell hit

protons, single 55 MeV carbon ions in a 5.4 × 5.4 µm2 matrix and 20 MeV protons in

detection. Pre cell detection, using a new generation of thin silicon detectors, is under

the same matrix with 117 protons per matrix point. The RBE values for induction of

way [4] – thus, this restriction should pose no obstacle.

micronuclei (RBEMn = 1.48 ± 0.07) and dicentric chromosome (RBEDc = 1.92 ± 0.15)
are significantly higher in focused proton mode than for randomly distributed protons
(RBEMn = 1.28 ± 0.07; RBEDc = 1.41 ± 0.14). The RBE enhancement toward the
value

of

high

LET

55 MeV

carbon

ions

(RBEMn = 2.20 ± 0.09

and

RBEDc = 3.21 ± 0.27) is attributed to the modified dose distribution and thus the

[1] N. Arteaga-Marrero, et al., Nucl. Instr. Meth. B 263 (2007) 523-528.
[2] E.J.C. Nilsson, et al., Nucl. Instr. Meth. B 267 (2009) 1199-1205
[3] M.G. Olsson, et al., Radiation Research 174 (2010) 590-600
[4] N. Salim et al. To be presented at ICNMTA 2012

increase of inter track interaction of the induced damage.
[1] T. Elsässer et. al., Int. J. Radiation Oncology Biol. Phys. 71 (2008) 866-872
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Nuclear microprobes in biomedicine and environment: a review of technical

A laser system for the microprobe at GSI

developments and applications
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Despite the fact that a lot of efficient analytical and chemical imaging techniques

The single heavy-ion microprobe at GSI can perform irradiations with ions from H to
U and energies of 1.4 to 11.4 MeV/nucleon [1]. To perform biological experiments, a

have been extensively developed in bio labs and at worldwide facilities for
applications in biomedicine nowadays, microanalysis based on elemental mapping at
ppm level of sensitivity and on a micron or submicron scale remains a challenge.

custom-build epifluorescence microscope is used for beam calibration, targeting and

Among those techniques, a few of them have proved their capability to measure

live cell observation. Over the last decades, several techniques in biology have been

trace elements and to deliver tissue images with sub-micrometer resolution, both

developed to gain a deeper insight into dynamics and interactions of proteins in living

rapidly and non destructively, authorizing the localization of cellular structure. Even

cells [2]. One of these techniques employs a focused laser beam to bleach a spatially
selectable area in a cell nucleus. By imaging the fluorescence recovery after
photobleaching (FRAP) it is possible to get information about binding and diffusion of

though routine sound applications are steadily developed at our facilities, one can
reasonably question the future of this technique when compared to SIMS,
Synchrotron Radiation nanofocussed X-ray beams or even Immnuno-labelling
combined with fluorescent probes in the optical visible wavelength. Hopefully, the

the tagged protein at the bleached site [3]. In an ion microprobe, where DNA damage

versatility of nuclear microprobes, the possible quantification in absolute mode and

can be created at spatially selectable sites as well, a FRAP system yields information

the easy access to the instrument, even with the support of transnational European

about DNA damage related protein turnover at specific, selectable sites in a cell.

Actions [1], are still strong arguments for the use of nuclear microprobes. The

Here, we report on the upgrade of the microprobe's epifluorescence microscope with

combination of high resolution proton microbeams with PIXE, RBS, STIM in 2D or 3D

a galvoscanned, 488 nm diode laser focused into the object plane by a waterimmersion objective and a focal spot size of about 1 µm. This upgraded system now
gives us the possibility to irradiate a specific location with charged particles, record

mode offers a large panel of analytical possibilities.
New fields have been opened during the last decade. In plant biology, remediation of
polluted soils in the environment, including radioactive species gave rise to new
applications. After the pioneering work of the FP5 consortium NANODERM [2],

an image sequence to get information of GFP-tagged proteins during their

Nanotoxicology is now an active domain of research where studies in cultured cells

recruitment to ion-induced DNA damage sites (foci) and afterwards bleach these foci

or multicellular organisms exposed to artificial nanoparticles are becoming

and by taking again a image sequence yielding information about the proteins

widespread. On a technical point of view, sample cryo-preparation techniques have
been implemented and first cold stages, aiming at limiting sample damages, have

exchange and binding behaviours.

been installed in end-stations of microbeam lines. Real applications of PIXE-

[1] H. Heiss, et al.. Radiat. Res. 165, 231-239 (2006)

Tomography in biological samples have been obtained. The aim of this talk is to

[2] J. Lippincott-Schwartz, et al., Science 300, 87-91 (2003)

present a review covering new technical progress and achievements in Biology and

[3] D. Axelrod, et al., Biophys. Journal. 16, 1055- 1069 (1976)

Environment.
[1] SPIRIT (www.spirit-ion.eu)
[2] NANODERM (www.uni-leipzig.de/~nanoderm/)
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The combination of Particle Induced X-Ray Emission (PIXE) and Rutherford
Backscattering (RBS) with sub-micron spatial resolution has manifold applications in

Microanalysis of frozen-hydrated biological material, immobilized by fast freezing,
gives the best preservation of the true structure and elemental distribution of living
tissue. It has been proved earlier that quantitative micro-PIXE mapping of minor and
trace elements of thick specimens in frozen-hydrated state using protons was
possible without noticeable mass loss and structure damage, and with very good
preservation of morphology and elemental distribution [1,2]. The aim of present study
was to develop a cryo-system and to optimise sample preparation procedure for cryomicro-PIXE of frozen-hydrated semi-thick biological specimens. Proton elastic
backscattering spectrometry (EBS) was used to measure sample area density and
matrix composition. Water loss was monitored with residual gas analyser (RGA). A
nickel hyperaccumulating plant, Senecio coronatus, was used to compare elemental
distribution between frozen-hydrated and freeze-dried specimens.
The results obtained indicate that the cryo-micro-PIXE system successfully
determines elemental distribution in frozen-hydrated semi-thick sections at the
cellular level. RGA analyses showed no water loss during the specimen exposure to
the proton beam. However, EBS data revealed non-negligible mass losses when
analyses were performed using proton current of 100-150 pA for up to 2 µC of
accumulated charge. The pattern of elemental distribution in the frozen-hydrated
semi-thick section was similar to that observed in the freeze-dried section. However,
the resolution of elemental maps for frozen-hydrated specimen was significantly
higher. Ni was predominately localized in the vacuoles of epidermis in both frozenhydrated and freeze-dried leaf sections of S. coronatus. This confirms applicability of
the new cryo-micro-PIXE methodology to analyse semi-thick biological materials.
Other examples of analyses on biological semi-thick sections will also be shown.

biomedical research, where quantification of trace elements plays an important role.
Over the years we have improved and optimised our system for a number of studies
in the field of biological and medical research. We have shown, in past, the strength
of this method in microanalytic studies of the Parkinson's disease [1] and Drosophila
melanogaster [2], where the main focus was on sub-cellular resolution. However, the
size of the specimen was always smaller than the largest possible scan size of the
microbeam.
For large specimens, which can not be measured in one go, the measurements are
performed segment-wise. The resulting PIXE-maps are mosaiced together to
generate a quantitative map of the whole specimen. In this way, a macro dimensional
specimen is measured quantitatively with a micrometer resolution. We measured a 6
µm thick coronal section of the mouse brain measuring around 13 mm to 10 mm. The
quantitative analysis gives a brain area/function specific element distribution. Further,
we measured a section through the human sub thalamic nucleus to investigate the
compartmentalisation of the iron. The PIXE results were used to qualify the Magnetic
Resonance (MR) signal of the same sample. We present the results from the
perhaps first ever correlation of Ion Beam Analysis (IBA) data with the MR data.
[1] N. Barapatre, et al., Nucl. Inst. Meth. B268 (2010) 2156.
[2] A. Reinert, et al., Nucl. Inst. Meth. B269 (2011) 2292.
[3] A. Sickert, et al., submitted.

[1] G. Tylko, et al.. Micros. Res. Tech. 70 (2007) 55.
[2] G. Tylko, et al.. Nucl. Instr. and Meth. B 260 (2007) 141.
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Microscopic elemental composition of eukaryotic and multicellular specimens

MeV-SIMS with Swift Heavy Ion Beams toward Molecular-Imaging

using a combination of microscopy techniques including nuclear microprobe

J. Matsuo1,4, S. Shitomoto2, S. Nakagawa2, T. Aoki3,4 and T. Seki2,4

analysis. Relevance for nanotoxicology investigations
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Secondary particle emission from surfaces provides unique opportunities for surface
analysis. In particular, molecular ion emission from organic or biological molecules is

Deciphering the molecular basis of toxicology mechanism induced by nanoparticles

of interest, not only for fundamental studies on ion-solid interactions, but also for

(NPs) remains an essential challenge. Nuclear microprobe analysis was performed in

practical applications, such as characterization of biomarkers, metabolites, histology,

combination with Transmission Electron Microscopy and Confocal Microscopy to

oncology and innovative drug development. However, because of the low sensitivity

analyze human cells and Caenorhabditis elegans (C. elegans) exposed to TiO2-NPs.
Investigating chemical elemental distributions at subcellular level using nuclear
microprobe analysis gives rise to a fine quantification of the TiO2-NPs uptake within a
cell and in particular to the determination of the modification of intracellular chemical
elements concentrations after TiO2-NPs internalization. In addition, confocal

of biomolecules, it is difficult to analyze biological samples with the conventional
SIMS technique. We have developed a molecular imaging technique with secondary
molecular ions emitted by swift heavy ions [1], and observed enhancement of
secondary ion yields by three orders of magnitude in biomaterials by bombarding
with 6 MeV Cu ions. Furthermore, we have constructed a SIMS instrument to
measure samples at low pressure [2]. This system enables the analysis of “wet”

microscopy has been used to probe fluorescent dye-modified TiO2-NPs and allow

samples in a chamber kept at approximately 2000 Pa, which is higher than the water

their detection and tracking in vitro. Here, we demonstrate that internalization of

vapor pressure at room temperature.

these TiO2-NPs alters the calcium homeostasis and induce a decrease in cell

We performed molecular imaging of rat white lipid cells

proliferation associated with an early cell differentiation, without any indication of cell

using a 6 MeV Cu ion beam, and the fragment ions (m/z

death. Finally, the relation between the surface chemistry of TiO2-NPs and their in
vitro toxicity is clearly established and emphasizes the importance of calcium
homeostasis alteration in response to the presence of TiO2-NPs [1]. Prospective of
this work applied to multicellular specimens will also be presented with emphasis on

= 285: C8H14PO9-) of the head group in phosphatidylinositol
(PI) are shown in the Figure. These molecular images
were in good agreement with images obtained by
fluorescence microscopy.
Recent progress in this technique will be presented and

our last developments and data obtained using IBA and IBA-tomography on C.

discussed along with its possible applications for

elegans.

biological material analysis.
This work was partially supported by JST, CREST.

[1] Simon et al. Nanotoxicology 5 (2011) 125.

[1] Y. Nakata, et al., J. Mass Spectro., 44, (2009) 128
[2] J. Matsuo, et al., Surf. Interface Anal., 42, (2010) 1612

27

28

Figure. Secondary
molecular ion image
of rat cells with swift
heavy ions (6MeV
Cu+)
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Diamond-based biosensor microfabricated by means of ion beam lithography:
amperometric detection of quantal catecholamine secretion from individual
chromaffin cells

bioactive glass scaffolds / biological medium interface
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Despite its resistance, bone can be damaged and sometimes its regenerative

Department of Neuroscience, NIS Centre of Excellence University of Torino, Corso Raffaello
30, 10125 Torino, Italy

properties are not sufficient and a graft is needed. A solution to the lack of graft could

3

be the culture of patient cells on a scaffold with the help of growth factors. This
“building” of graft is called bone tissue engineering. It is generally admitted that an
efficient scaffold should be a 3D macroporous structure; it has to be biocompatible, to
allow cell adhesion and differentiation. Macroporous scaffolds based on bioactive
glasses are very promising due to their high bioactivity, which promotes the
mineralization of the scaffold and leads to a strong bond with surrounding bone
tissues. Moreover, the simultaneous delivery of strontium ions, that stimulate
osteoblasts and avoid bone resorption by osteoclasts, would be an edge in the
development of artificial grafts that can actively take part to the regeneration.
Therefore, in that study, strontium-releasing bioactive glass scaffolds were
synthetized by the sol-gel foaming process [1]. The obtained scaffolds were
immersed in simulated body fluids (SBF), which mimic the ionic composition of blood
plasma to evaluate their in vitro bioactivity. With the use of micro-ion beam analysis
(µ-IBA), here PIXE-RBS performed at the CENBG (Centre d’Etude Nucléaire de
Bordeaux Gradignan), it was possible to carry out the quantitative chemical imaging
of the mineralization inside the scaffolds at a micrometer scale, with the specific role
of trace elements of biological interest being studied with a few ppm sensitivity [2]. In
particular the kinetics of strontium release were accurately evaluated; strontium is
quickly released from the glass, but interestingly, it remains at low concentrations at
the periphery of the glass, revealing an incorporation of strontium in the calcium
phosphate layer that is mineralized at the surface of the glass. These are promising
results in view of designing scaffolds that can deliver bone-forming agents such as
strontium ions. These features will be particularly investigated in future µ-IBA studies
of bioactive glass scaffolds implanted in vivo.
[1] P. Sepulveda, J.R. Jones and L.L. Hench, J. Biomed Mater. Res. 59(2) (2002) 340

It is shown that ion beam lithography is an effective tool to fabricate buried graphitic
micro-channels in monocrystalline diamond by selective damage induction; such
structures can be considered as an effective alternative to the commonly used
carbon-fibers to detect the catecholamine release from cells, as individual secretory
granules discharge their contents during the process of quantal exocytosis. The
biosensor was fabricated by using a focused 1.6 MeV He ion beam scanned on a Ib
monocrystalline diamond sample (3×3×0,5 mm3) to define highly damaged regions
with a resolution of the order of micrometer. After the irradiation, the sample was
annealed at high temperature (> 900 °C) to promote the conversion to the graphitic
phase of the end of range (~3 µm deep) regions which experienced an ion-induced
damage exceeding a damage threshold of the order of 1·1023 vacancies cm-3 and to
recover the sub-threshold-damaged regions to the diamond phase. This process
provided buried highly conductive graphitic channels (resistivity ∼mΩ·cm) embedded
in a highly insulating and chemically inert diamond matrix, whose end points (with
dimensions <10 µm) emerge and are therefore available as surface electrodes. The
microelectrodes show a high electrochemical responsiveness to oxidizable molecules
as evaluated by recording the drift redox currents following the addition of consecutive
micro-drops of adrenaline in proximity to the emerging channels. Quantal secretory
responses have been measured from stimulated chromaffin cells positioned on the
graphitic microelectrodes which were polarized at +800 mV. Sequences of
amperometric spikes started after cell stimulation with KCl-enriched solution, with
amplitudes well above the background noise within the range of 8-180 pA and
comparable with signals obtained by conventional carbon fiber electrodes. These
results demonstrate the potential of the ion beam micromachining technique to
fabricate micrometer sized arrays of microelectrodes in monocrystalline diamond with
an electrochemical sensitivity suitable for high-resolution measurement of quantal
exocytosis.

[2] J. Lao, E. Jallot and J.M. Nedelec, Chem. Mater. 20 (2008) 4969
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Gold nanoparticles as radiosensitisers for cancer radiotherapy: RBS/PIXE

Study of human mesenchimal stem cells response in carboxylated titanates

analysis of gold in cancer cells

modifited by proton beam writing

J.C.G. Jeynes, C. Jeynes, K.J. Kirkby
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D. Gallach-Pérez1, J. P. García-Ruíz5
1

There is growing interest in using gold nanoparticles (GNPs) in cancer therapy,
owing to their unique physical properties, biocompatibility and ease of
functionalization. The possibility of using GNP to radiosensitise tumours with X-rays
is a clear area to explore given the high Z interaction of low energy X-rays compared
to soft tissue. Indeed, many reports have demonstrated the radiosensitisation effects
in vitro [1] and in vivo [2], with a range of variables explored including X-ray energy
(kV to MV), GNP size and cell type [3]. Also intriguing is whether ions used in cancer
therapy such as protons or carbon, would benefit from the sensitizing effects of GNP.
To achieve maximum effect the GNP need to be within the cell and more particularly
the cell nucleus.
In this paper, results are presented which show the radiation survival for cells
incubated with different sizes of GNP, in cell lines which vary from radio-resistant to
radiation sensitive. In order to achieve enhanced GNP uptake by cells and location to
the nucleus, GNP were coated with a nuclear locating TAT peptide. Using a TATGNPs peptide, about a 2 fold increase in cell killing was observed compare to noncoated GNPs. The cell uptake of the TAT-GNPs and non-coated GNPs was analysed
using a 3MeV H+ microbeam and RBS/PIXE. Using a microbeam, individual cells
were analysed to obtain cell to cell variation in GNP uptake, data which cannot be
collected with more commonly used techniques such as ICP-MS. It was found that
TAT-GNPs uptake was about double that of uncoated particles, while there was little
difference in uptake between the 30nm and 50nm GNPs. Future work will include
analysing uptake between different cell types, as well as testing sensitisation with
protons and carbon ions on Surrey’s Vertical Nanobeam cell irradiation facility.

2
3
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Titanium isopropoxide is a precursor increasingly used in the preparation of hybrid
titanate structures. In this work we have prepared hybrid films of tetraisopropylorthotitanate (TIPT) and carboxylic monomers by spin coating. These films exhibit
local condensation of the inorganic phase, which can be applied for the promotion of
bioadhesive contrasts. The bioadhesive character can be induced by means of
lithographic techniques, by the selectively concentratation of energy on the surface.
Using a nuclear microprobe, different micrometric patterns were developed by MeV
proton beam writing in carboxylated titanates. Human Mesenchimal Stem Cells
(hMSC) were cultured on these surfaces, analyzing their adhesion and adaptive
response to the different micropatterns. The results show a preferential incorporation
of the hMSC depending on the size of the patterns.

[1] Chithrani, D.B.; Jelveh, S.; Jalali, F.; van Prooijen, M.; Allen, C.; Bristow, R.G.; Hill, R.P. &
Jaffray, D.A., Radiation Research, 2010, 173, 719-728.
[2] Hainfeld, J.F.;Dilmanian,F.A.; Slatkin, D.N. & Smilowitz, H.M., Radiotherapy enhancement
with gold nanoparticles J. of Pharmacy and Pharmacology, 2008, 60, 977-985.
[3] Jain, S.; Coulter, J.A.; Hounsell, A.R.; Butterworth, K.T.; McMahon, S.J.; Hyland, W.B.;
Muir, M.F.; Dickson, G.R.; Prise, K.M.; Currell, F.J.; O'Sullivan, J.M. & Hirst, D.G.,
International Journal of Radiation Oncology Biology Physics, 2011, 79, 531-539
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Nuclear Microscopy as a tool in nano TiO2 Bioaccumulation Studies

Subdiffusion of DNA repair protein foci

in aquatic species
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Engineered Titania nanoparticles are used for wide range of applications from

Isolated and clustered DNA double strand breaks (DSB) induced by 20 MeV proton

coatings, sunscreen cosmetic additives to solar cells or water treatment agents.

or 55 MeV carbon ion micro-irradiation at SNAKE are investigated for their dynamics

Inevitably environmental exposure can be expected and data on the ecotoxicological

within the cell nucleus of living U2OS osteosarcoma cells. Studying these dynamics

evaluation of nanoparticles are still scarce.

gives an insight in chromatin movements within the cell nucleus in general as well as

The potential effects of nano titanium dioxide (TiO2) on two model organisms, the

in repair specific questions: Are damages repaired locally or are they brought to a

water flea, Daphnia magna and the duckweed Lemna minor, were examined in

kind of repair factory? Tries the cell to inhibit motions of the broken DNA strand in

semichronic toxicity tests.

order to avoid separation of the two ends?

Daphnia and Lemna were exposed to TiO2 nanoparticles (average particle size value

The DSB are made visible in the living cells through foci of GFP tagged MDC1 repair

of 27.6±11 nm (n=42); concentration range, 1.4 mg/L to 90 mg/L) by dietary route

proteins that attach to the DSB after irradiation. The distance changes ∆l(∆t) of

and growth in medium containing the nanoparticles of TiO2, respectively. Morphology

neighboring foci in dependence of time intervals ∆t are used as a robust measure of

and microdistribution of TiO2 in the individuals was examined by nuclear microscopy

foci movement within a time span ranging from ∆t=10s to ∆t=104s. As the damages

techniques.

are applied in a 5µm x 5µm pattern by ion microirradiation, the foci can be easily

A significant amount of TiO2 was found accumulated in Daphnia exposed to

recognized and optically separated from each other.

nanoparticle. Nuclear microscopy imaging revealed that Ti was localized only in the

The distribution of distance changes measured for a series of pairs of MDC1-foci

digestive tract of the Daphnia, which displayed difficulty in eliminating the

shows a subdiffusion type random walk process. The standard deviation σ2(∆t) of the

nanoparticles from their body. Daphnia showed higher mortality when exposed to

distances ∆l(∆t), which is twice the mean square displacement MSD of a single focus,

higher concentrations of TiO2 (> 10 mg/L).

is measured as σ2(∆t)=2·MSD(∆t) = 2·Γ∆tα, with α=0.49 ±0.05 for carbon and

The exposure to TiO2 nanoparticles above 25 mg/L caused morphological alterations

α=0.50±0.05 for proton irradiation, while normal diffusion would be obtained for α = 1.

in Lemna. The roots became stiff and leaves colourless. The Ti mapping of cross-

The speed of random walk represented by the transport coefficient Γ depends on

sections of roots and leaves showed that Ti was mainly deposited in the external

LET, ΓCarbon=(1.7 ± 0.6)x10-3µm2/s0.49 and Γproton=(3.7±1.0)x10-3µm2/s0.5, attributable

cuticle of the leaves and in external root tissues, with minor internalization.

to the different size of the moving DSB clusters. Subdiffusion enhances the

In summary, exposure of aquatic organisms to TiO2 nanoparticles may alter the

probability that the ends of a DSB rejoin compared to a normal diffusion process and

physiology of these organisms at individual and population levels, posing risks to

is thus inevitable for high efficiency DNA repair. Due to the low speed it also limits the

aquatic ecosystems.

formation of large DSB repair centers and the probability of chromosome aberrations

Project funded by Fundação para a Ciência e Tecnologia, PTDC/CTM/099446/2008.

through moving DNA ends which might join with wrong DNA counterparts.
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Ion-induced fluorescence imaging of endosomes

Review of nuclear microprobe applications in material science
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Driven by the development of nanotechnology in the past decade, the majority of

Nanoscience Center, Department of Environmental and Biological Sciences, P.O. Box 35

nuclear microprobe applications in materials science shifted from the previously

(YFL), University of Jyväskylä, FIN-40014 Jyväskylä, Finland

dominated field of material microanalysis towards the field of material modification.

Center for Ion Beam Applications, Dep. of Physics, National Univ. of Singapore, Singapore

Ion beams provide a unique approach to alter the near surface region of a wide

2

3

Still little is known about the infectious entry pathway of enteroviruses [1]. Echovirus1
(EV1) is an enterovirus that causes a wide range of diseases especially in children.
EV1 infection starts by virus binding to its integrin receptor, endocytosis via large
macropinocytic vesicles and accumulation in large multivesicular structures [2]. The
virus-containing multivesicular endosomes are 200 to 500 nm in size. These
structures are difficult to study by conventional UV light microscopy because their
size is comparable with the optical diffraction resolution limit.
The Jyväskylä – Singapore collaboration is developing imaging of these
multivesicular subcellular structures using a combination of confocal UV-fluorescence
microscopy with MeV ion beam microscopy as well as direct Scanning Transmission
Ion Microscopy (direct-STIM) for sub-cellular structural imaging. Cells from a A549

range of solid materials using either energy deposited in their electronic systems, or
energy that can displace whole atoms from their lattice sites. Electronic energy loss
of light ions (protons and He) is the basis of p-beam writing that became a technique
which widely promotes nuclear microprobes as instruments for material structuring.
However, in this review an accent will be given to the expansion of microprobe
applications to those that employ heavy ions in either their low (keV) or high (MeV)
energy range. Significantly higher electronic energy loss along the ion track, the
possibility to implant single ions into predefined locations in the target, and
displacement damage created mostly at the maximum of nuclear stopping are the
main

lung carcinoma cell line were cultivated on silicon nitride window (100 nm thick),
stained for EV1 (or receptor α2β1 integrin) and other endosomal markers, labelled
with fluorescent red and green Alexa dyes. An important part of the work was
developing the cell fixing procedures suitable for ion beam microscopy, including a
treatment with methanol, tertiary butanol and hexamethyldisilazane. The results from
this on-going study show that the endosomal structures and the echovirus/integrin
can be imaged with MeV ion fluorescence microscopy along with the sub-cellular
structure yielding important information of virus infection involving complex endosomes.
[1] T. J. Tuthill, E. Groppelli, J. M. Hogle and D. J. Rowlands, Curr, Top Microbilo.Immunol,
343 (2011) 43-89.
[2] M. Karjalainen, N. Rintanen, M. Lehkonen, K. Kallio, A. Mäki, K. Hellström, V.Siljamäki, V.
Upla, V. Marjomäki, Cell. Microbiol., 2011 Dec; 13 (12) 1975-95.
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Modeling of Ion Beam Induced Charge Sharing Experiments for the Design of

Deuterium 3D microscopy by micro-beam conventional ERD and high

High Resolution Position Sensitive Detectors

resolution (magnetic) ERD
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In a multi-electrode detector, the motion of free charge carriers generated by ionizing

We report the measurement of deuterium distributions resolved in three dimensions

radiation induces currents on all the electrodes surrounding the active region. The

by the combination of two techniques: firstly, conventional Elastic Recoil Detection

amount of charges induced in each sensitive electrode is a function of the device

(ERD), using a range foil and a 2 MeV alpha focussed beam to achieve lateral

geometry, the electric field distribution, and the generation profile. Hence, charge

resolutions of around one micron and depth resolutions around 80 nm, and secondly

sharing effect enables to cross data from each sensitive electrode to provide an

by high resolution ERD at the magnet spectrometer of the CIBA high resolution

accurate characterization of a semiconductor device, as well as information on the

RBS/ERD facility using a 1 MeV proton beam for the nuclear reaction D(p,D)p. The

location and the profile of each ionization track.

different charge to mass ratios of the D recoils and the forward scattered protons

The effectiveness of such approach was recently demonstrated in IBIC experiments

allow the spectroscopy of the former without the need for a range foil, thereby

carried out using a 2 MeV He microbeam scanning over a a sub-100 µm scale silicon

improving the (near-surface) depth resolution significantly. We present first results of

device, where the ion strike location point was evaluated through a comparative

such measurements on a range of D-implanted metallic samples (Be, Ti, W) and D-

analysis of the charge induced in two independent surface electrodes coupled to

implanted Pb nanospheres grown in SiO2 thin films.

independent data acquisition systems [1].
In this report, we show that Monte Carlo method [2] can be efficiently exploited to
simulate these IBIC experiments and to reproduce the relevant experimental data,
shedding light on the role played by carrier diffusion, electronic noise and ion
straggling on the induction of charge in the sensitive electrodes. Moreover, it is
shown that the Monte Carlo method is suitable to provide the ultimate resolution limit
for the evaluation of the ion strike location point and to design novel position sensitive
detectors with submicron resolution.
[1] L.M. Jong et al., Nuclear Instr. and Meth. in Physics Research B 269 (2011) 2336–2339.
[2] P. Olivero et al., Nuclear Instr. and Meth. in Physics Research B 269 (2011) 2350–2354
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Ion beam analysis: a new technique for the analysis of gunshot residue?

Improvement of Time Resolution in Single-Event Three-Dimensional TOF-RBS
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In our recent studies, a single-event three-dimensional time-of-flight (TOF) Rutherford

Dipartimento di Scienze Anatomiche, Istologiche, Medico-Legali e dell'Apparato

Backscattering Spectrometry (RBS) system has been developed using 150 keV
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focused ion beam (FIB) with a liquid metal ion source (Au-Si-Be alloy) [1-3]. Signals

Arma dei Carabinieri, Parco Ducale, 3 43125 Parma, Italy

from a high speed secondary electron detector and a micro channel plate were used

6

Gunshot residue (GSR) includes micron sized particles that are deposited on the
hands, clothing and hair of a shooter and are used by police institutions to provide a
link between a suspect and a shooting incident. Police collect GSR particles from
suspects and use a scanning electron microscope fitted with an X-ray detector to
gain compositional information from the particles (SEM-EDS). Particles which have
typical morphology and contain Pb, Ba and Sb are thought to be characteristic of
GSR. However, GSR could be transferred to a suspect e.g. via the arresting officer or
from the police car. There is therefore a critical need to be able to determine the
difference between gunshot residue particles from different sources. The composition
of primers which are used in ammunition are known to vary from manufacturer to
manufacturer, and therefore the composition of GSR should also vary from primer to
primer. However, SEM-EDS has limited sensitivity to trace elements and hence the
discriminatory power is also limited. IBA has much higher sensitivity to the trace
element content of GSR particles [1, 2]. However, at a recent meeting of the
European Network of Forensic Science Institutes, it was suggested by GSR experts
that this higher sensitivity has no useful information due to the fact that GSR residue
particles within a sample are highly variable, and that the firearm is thought to have
an effect on the gunshot residue composition. In this presentation, we present a new
protocol for GSR analysis using ion beam analysis and canonical discriminant
function analysis. We will show that: a) The protocol provides repeatable, non
destructive analysis of a given set of GSR particles; b) The protocol does not
discriminate two samples of GSR particles produced from the same type of
ammunition using the same firearm; c) The protocol does discriminate between
samples of GSR particles that are produced by using the same ammunition with
different firearms; d) The protocol can discriminate between primers that are currently
not discriminated by SEM-EDS, and therefore that IBA techniques can provide
valuable information in police casework.

for the start and stop triggers for the single-event TOF-RBS measurement. The
achieved time resolution was 4.4 ns, corresponding to the depth resolution of 12 nm,
with a thin Au layer sample [1]. The achieved in-plane resolutions were 42 nm with a
Au stripe sample fabricated by a conventional lift-off process at the surface [2] and 70
nm with a Pt stripe under a SiO2 layer fabricated by an electron beam induced
deposition [3]. The fluctuation of the secondary electron flight path and energy should
affect the time resolution in the single-event three-dimensional TOF-RBS.
In this study, the energy and yield of the secondary electron were controlled by the
sample voltage for improving the time resolution in the single-event TOF-RBS. The
sample was a Pt stripe fabricated by the electron beam induced deposition on the Si
substrate. The width and pitch of the Pt stripe were 500 and 1,500 nm, respectively.
The beam current of 150 keV Be+ nanoprobe was 0.4 pA. The scanned area and
pixel size were 5.4 x 5.4 µm2 and 85 x 85 nm2, respectively. The applied voltage of
the sample was ranging from -200 V to 200 V. The secondary electron yield with the
sample voltage of -100 V was 52 % higher than that without the sample voltage.
However, the rise time of the Pt peak in the TOF-RBS spectrum with the sample
voltage of -100 V was 2 times longer than that without the sample voltage. On the
contrary, the secondary electron yield with the sample voltage of 80 V was 38 %
higher than that without the sample voltage. Furthermore, the rise time of the Pt peak
in the TOF-RBS spectrum with the sample voltage of 80 V was 20 % shorter than
that without the sample voltage.
[1] Satoshi Abo, et al., Nucl. Instr. Meth. B268 (2010) 2019-2022.
[2] Satoshi Abo, et al., Nucl. Instr. Meth. B269 (2011) 2233-2236.
[3] Satoshi Abo, et al., Nucl. Instr. Meth. B273 (2012) 266-269.

[1] M.J. Bailey et al, Journal of X Ray Spectrometry, Vol 38, Issue 3 (2009) 190-194
[2] M.J. Bailey et al, Nucl. Instr. and Meth. B 267, 12-13 (2009) 2265-2268
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Addressing roadmap challenges: adapting nuclear microprobe technology to

In-depth diffusion and homogeneity of metallic contacts for GaN-based

build engineered atom devices

microdevices
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ISOM and DIE, ETSI Telecom., Univ. Politécnica de Madrid, 28040 Madrid, Spain
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deterministic doping as a potential key future front-end process for device

Selex Sistemi Integrati S.p.A. Via Tiburtina, Km 12.400, 00131 Roma, Italy

technologies to place single dopants in predetermined locations. This is because
planar CMOS microelectronic devices approaching 16 nm in scale would otherwise
be degraded by random dopant fluctuations that significantly influence device
performance. Deterministic doping based on the standard nuclear microprobe
technology of ion beam induced charge (IBIC) has previously been reported [2].
However formidable problems remain including scale-up, implantation spot size,
range straggling, and diffusion and segregation during annealing. Solutions to these
problems are required for ultimately scaled, doped devices and new application such
as single atom devices, systematic studies of dopant fluctuations, tests of quantum
computer devices in the silicon mainstream and future exotic materials including
diamond. An important milestone to solving these problems was the recent
breakthrough which demonstrated coherent operation of a single engineered P atom
implanted into Si [3]. This presentation reviews the work in Melbourne to take this
work to the next step. This includes the development of a scanned nanostencil
fabricated with focused ion beam milling that is gated on the IBIC signal from 14 keV
single heavy ion impacts that has fabricated a device with shallow counted implanted
ions in designated sites to a spatial precision of 100 nm. With foreseeable future
developments, reduction of the implant energy and an improved nanostencil will
increase the precision to 20 nm opening the possibility of large-scale production of
arrays of single atoms for novel quantum technologies.
[1] International Technology Roadmap for Semiconductors, Emerging Research Materials,
http://www.itrs.net/Links/2011ITRS/2011Chapters/2011ERM.pdf
[2] D.N. Jamieson, C.Yang, T. Hopf, S.M. Hearne, C.I. Pakes, S. Prawer, M. Mitic, E. Gauja,
S.E. Andresen, F.E. Hudson, A.S. Dzurak, R.G. Clark, Appl. Phys. Let. 86 202101 (2005)
[3] A. Morello , J.J. Pla, F.A. Zwanenburg, K.W. Chan, K.Y Tan, H. Huebl, M. Möttönen, C.D.
Nugroho, C. Yang, J.A. van Donkelaar, A.D.C Alves, D.N. Jamieson, C.C. Escott, L.C.L
Hollenberg, R.G. Clark and A.S. Dzurak, Nature 467, 687 (2010)

The appropriate control of the diffusion phenomena during the annealing of ohmic
contacts in GaN-based high electron mobility transistors is essential for its good
performance, since low drain and source contact resistances (Rc) can increase the
current density and the extrinsic transconductances. Different Al/Ti-based systems
are normally used for such purpose, but the alloying processes depend on many
parameters (atomic species, thickness, temperature, etc.) [1] and can form different
alloy clusters during the rapid thermal annealing (RTA), which affect the final
electrical properties of the contact [2].
In this work, we investigate the role of the Al thickness (varied from 100 nm to 250
nm) through a set of metallization schemes. The diffusion of Au/Ni/Al/Ti contacts after
a 900 ºC RTA is assessed by means of Rutherford backscattering spectrometry
(RBS) and particle induced X-ray emission (PIXE), using a microbeam of 3 µm
diameter. Depth-resolved compositional profiles were extracted for the different
elements and distribution maps were recorded for different microdevices
(transmission line models, pads, and transistors). Taking advantage of the
microprobe, different parts of the devices were explored, including not only the ohmic
contacts, but also the Schottky contacts and the pristine AlGaN/GaN wafer. Results
show that the formation of a homogenous contact is prevented at low Al thicknesses
(~125 nm), where the Au in-diffusion is reduced. For lager thicknesses (>150 nm),
the alloy evidences a good mixing of the elements and the accomplishment of a
uniform in-depth composition with smoother surfaces. Interestingly, the electrical
measurements show an optimum value of Rc=0.30 Ω·mm, but achieved in samples
with partial diffusion (125 nm thick Al layer). This fact suggests the relevance of the
formation of a shallow AlxAu alloy during the RTA for the good electric performance
of the devices.
[1] F.M. Mohammed et al., J. Appl. Phys. 101, 033708 (2007)
[2] A.N. Bright, P.J. Thomas, M. Weyland, et al., J. Appl. Phys. 89, 3143 (2001)
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A comparative study of photo- cathodo- and iono- luminescence of GaN

Investigation of ion beam induced radiation damage in Si and GaAs diodes

nanowires implanted with rare earth ions

G. Vizkelethy, R. M. Fleming, E. Bielejec

J. Rodrigues1, S.M.C. Miranda2, M. Peres1, E. Nogales4, L.C. Alves2,3, E. Alves2,3,

Sandia National Laboratories, PO Box 5800 MS 1056, Albuquerque, NM, USA

G. Tourbot5, B. Daudin5, B. Méndez4, K. Lorenz2,3, T. Monteiro1
Departamento de Física e I3N, Universidade de Aveiro, 3810-193 Aveiro, Portugal

Ion Beam Induced Charge (IBIC) and Deep Level Transient Spectroscopy (DLTS)

Instituto Tecnológico e Nuclear, Instituto Superior Técnico, Universidade Técnica de Lisboa,

were used to investigate displacement damage caused by MeV energy ion beams in

Estrada Nacional 10, 2686-953 Sacavém, Portugal

Si and GaAs diodes. The devices were irradiated with Si ions to create the damage

CFNUL, Univ. de Lisboa, Av. Prof. Gama Pinto 2, 1649-003 Lisboa, Portugal

and a 2 MeV He ion beam was used for IBIC. The irradiations were done using both

Departamento de Física de Materiales, Universidad Complutense, 28040 Madrid, Spain

broad beam and rastered microbeam. The IBIC signal deterioration was measured

1
2

3
4
5

CEA/CNRS Group, “Nanophysique et Semiconducteurs”, INAC, CEA/Grenoble, 17 rue des
Martyrs, Grenoble Cedex 9, 38054, France

as the function of the ion fluence and DLTS was used to identify the defects and their
quantities. The charge induction process was modeled using the Gunn theorem.

GaN nanowires (NW) implanted with Europium, Praseodymium and Erbium ions
were analysed by Photoluminescence (PL), Cathodoluminescence (CL) and
Ionoluminescence (IL). The red 5D0→7F2 and 3P0→3F2 luminescence of the Eu3+ (4f 6)
and Pr3+ (4f 2) ions, respectively in the GaN lattice was optically activated after the
lattice damage was recovered by thermal annealing. On the contrary, for the case of
the erbium implanted NW no intra-4f

11

transitions were identified in the visible

spectral range. Besides the lanthanide luminescence, the heat treated GaN NW
exhibit the band edge recombination and a deep level emission on the yellow
spectral range when the samples are excited by photons, electrons and protons with
energies of 3.8 eV, 5.0 keV and 2.0 MeV, respectively. The temperature dependence
of the Eu3+ and Pr3+ PL was analysed in the range between 14 K and room
temperature (RT). The PL intensity of the lines was found to decrease by ca. 10%
with increasing temperature. At RT the dependence of GaN NW luminescence
intensity with the illumination/irradiation time was analysed by using PL, CL and IL.
The effects of the different excitation mechanisms are discussed to explain the
observations that the broad emission bands suffer a luminescence quenching for the
GaN NW irradiated with energetic particles while practically no changes were
observed during photon irradiation. The influence of the irradiation on the optical
properties of the GaN NW is discussed and models for the recombination processes
are established.
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Overview of Radiation Damage Studies in Silicon Diodes Exposed to Focused

The 2nd Generation Proton Beam Writing Facility; Results and Outlook

Ion Beam Irradiation-Proposed Template for further Research of Radiation

J.A. van Kan, Y. Yong, P. Santhana Raman

Damage Studies in Semiconducting Materials and Devices by IBIC

Centre for Ion Beam Applications, National University of Singapore, Singapore

Z. Pastuovic1, E. Vittone2, M. Jakšić 3, R. Siegele1, I. Capan4, D. Cohen1
1
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Australian Nuclear Science and Technology Organisation, Locked bag 2001,

At the Centre for Ion Beam Applications (CIBA) in the Physics Department of the

Kirrawee DC NSW 2232, Australia

National University of Singapore (NUS) we have established sub 100 nm beam spot

Physics Department/NIS Excellence Centre and CNISM, University of Torino,

sizes for MeV protons [1]. This improved performance has opened up new ways of

via P. Giuria 1, 10125 Torino, Italy

structuring resist and Si as well as bio-imaging. A second generation proton beam

Division of Experimental Physics, Rudjer Boskovic Institute, PO Box 160,

writing (PBW) line has recently been installed at CIBA. This new system has shown

3

10002 Zagreb, Croatia
4

Division of Material Physics, Rudjer Boskovic Institute, PO Box 160, 10002 Zagreb, Croatia

The overview of the extensive radiation damage studies in silicon diodes exposed to
a focused ion beam (FIB) irradiation and lessons learned from these studies [1–3] will
be presented. Particular emphasis will be given to:
i)

The microbeam experimental protocol suitable for various materials and devices;

superior focusing capabilities for MeV protons down to 13 x 30 nm2 [2]. In this paper
the first lithography results using the new PBW facility at CIBA will be presented and
discussed. The new beam line facility, is based on the first generation PBW line in
CIBA, it uses compact OM52 quadrupole lenses, with improved demagnification and
a piezo driven target manipulator with 4 nm closed loop in X and Y direction. The
following hardware and software improvements to the system will be discussed:
•

ii) The qualitative/quantitative analysis of the results and

material in the new PBW line.

iii) The developed robust theoretical model [2, 3] based on fundamental ion-solid
•

interaction simulations [4] and Ramo-Gunn theory [5] for interpretation of

semiconductors. Implications of the protocol, a validity of the phenomenological Non
Ionizing Energy Loss (NIEL) concept for irradiation damage comparison and the
model will be discussed in detail, as well as the issues needed to be considered for
further research utilizing different ionizing radiation, materials and devices.

Electrostatic scanning system allowing fast, accurate scanning and better
machining.

acquired IBIC radiation damage data.
These can serve as a basis for further research of radiation induced defects in

Closed loop in the Z direction of 1 µm allows accurate structuring of resist

•

Comparison of stage and beam scanning methods.

The latest applications of PBW as a platform technique for mold fabrication will be
presented, especially applications in the area of nanofluidic lab-on-chip devices for
single DNA studies. Finally an outlook will be given how to achieve sub 10 nm
focusing for MeV light ion beams.

[1] Z. Pastuovic et al., IEEE Trans. Nucl. Sci. 56 (4), 2457 (2009).

The authors acknowledge the support from A-Star (R-144-000-261-305), MOE

[2] Z. Pastuovic et al., App. Phys. Lett. 98, 092101 (2011).

Singapore (R-144-000-265-112) and the US Air Force.

[3] Z. Pastuovic et al., due to be published.
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Progress in proton beam writing of buried channels and overhanging

Proton Beam Written Optical Waveguides in Laser Crystals

structures for microfluidics applications
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The proton beam writing (PBW) technique has extra ability over other lithography
techniques in the fabrication of three-dimensional structures with a high aspect ratio,

Proton beam writing has recently emerged as a powerful and unique tool to fabricate

straight and smooth sidewalls and overhanging structures. These features potentially

optical waveguide structures in a range of optical materials owing to its excellent

facilitate the fabrication of rapid prototyping of microfluidic systems. This paper

engineering of the refractive index at the of the ion’s track inside the substrates [1,2].

reports progress in the use of multiple energy exposures to fabricate buried channels

Laser crystals are main gain media for solid state laser systems. Waveguides based

in SU-8 resist as part of a project to develop functional microfluidic networks. Using

on laser crystals are promising candidates to achieve a number of intriguing photonic

protons with energies between 2.5 MeV and 0.75 MeV both buried and overhanging

applications in compact optic circuits. Particularly, the laser oscillations in

structures have been fabricated with minimum feature size of around 1 µm and

waveguides may be with reduced pump thresholds and comparable efficiency with

depths of up to 40 µm and their properties have been evaluated. We describe the

respect to those in their bulk counterparts [3].

exposure and development processes and present preliminary examples of

In this work, we overview our most recent progress on the proton beam written

functional networks.

waveguides in laser crystals [4-6]. These crystals include Nd:YAG, Nd:GGG, etc. The
buried waveguides were formed at the end of protons’ range with positive index
changes. The fabrication, properties (luminescence and guiding features), and laser
performance of the proton beam written waveguides in these crystals will be
introduced in detail.
Our results have shown the potential applications of proton beam written waveguides
in laser crystals as intriguing integrated light sources.
[1] T.C. Sum, A.A. Bettiol, J.A. van Kan, F. Watt, E.Y.B. Pun, K.K. Tung, Appl. Phys. Lett. 83
(2003) 1707
[2] A.A. Bettiol, S.V. Rao, E.J. Teo, J.A. van Kan, F. Watt, Appl. Phys. Lett. 88 (2006) 171106
[3] J.I.Mackenzie, IEEE J. Sel. Top. Quantum Electron. 13(2007)626.
[4] A. Benayas, D. Jaque, Y.C. Yao, F. Chen, A.A. Bettiol, A. Rodenas, A.K. Kar, Opt. Lett.
35 (2010) 23
[5] Y. C. Yao, Y. Tan, N.N. Dong, F. Chen, A. Bettiol, Opt. Express 18 (2010) 24516
[6] A. Benayas, N. Dong, Y. Yao, F. Chen, A.A. Bettiol, D. Jaque, Opt. Lett. 36 (2011) 3278
[7] Y. C. Yao, N. N. Dong, F. Chen, S. K. Vanga, A. A. Bettiol, Opt. Lett. 36 (2011) 4173
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Microelectronic devices on polyimide substrate processed by Proton Beam

aperture MeV ion beam lithography
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High speed and fast microfluidic prototyping by programmable proximity
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We have demonstrated the negative and positive type reactions of polyimide films by
Microfluidics refers to the science and technology for controlling and manipulating

PBW (proton beam writing) in 2011 [1]. In this presentation we report further progress

fluids that flow along micro-channels. Typical microfluidic circuits compose of large

of previous research intending to apply PBW on JISSO or micro integration of

injected fluid reservoirs, microchannels, valves, pumps, etc. Microfluidic technology

electronic components for microelectronics.

has been applied to many applications such as biotechnology, chemical analysis,

We formed grooves and thru-holes on polyimide by positive type reaction of PBW for

drug delivery, etc. For some cases in the development of a prototype microfluidic

the preprocessing of device integration and formed circuits by electroless and electro

device, many test microfluidic structures are required first. Normally, microfluidic

plating. Dimensions of the circuits are less than 5 microns in width, spacing and thru-

devices are fabricated via photolithography. This technique requires a photomask for

hole diameters. Further we will show that these grooves and thru holes can be filled

transferring a pattern to photoresists by exposing with UV light. However, this method

with not only metals but dielectrics or ceramics to compose various kind of electronic

can be slow when a new structure is required to change. In this case, series of

components in very limited area. The grooved circuit structures are suitable to stack

photomasks are needed, which is time consuming. Here, we present a

each other to make multilayer circuit structures.

programmable proximity aperture lithography (PPAL) technique, which was

We will propose a method to fabricate effective micro device structures by combining

developed by microfluidic protoyping at the Accelerator laboratory of the University of

both the positive type and negative type reactions of polyimide.

Jyväskylä in Finland. The technique is faster than focused ion beam lithography

[1] Yutaka Takeno, Hiroyuki Nishikawa, Hidetaka Hayashi: Micromachining of Polyimide

because each rectangular pattern element is written in one exposure. This is done

Films with Negative and Positive Type Reactions by Proton Beam Writing: ICMAT 2011

using a mask made up of two movable L-shaped apertures in close proximity to the

MEE-S-11-00752

target to be written. In particular, large areas up to ~500 µm × ~500 µm can be
written in a few second. This allows microfluidic chips, which are made of a layout of
complex components, with large and small (~1 µm - ~500 µm) pattern elements, to
be fabricated rapidly. Here we present the fabrication process with test examples of
microfluidic circuits.
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Three-dimensional metamaterials fabricated using Proton Beam Writing

Creation of 3D microstructures in PDMS by compaction
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The rapid research progress made in recent years in artificially structured sub3

wavelength metallic structures, or metamaterials, has been driven by the desire to

Department of Optics and Quantum Electronics, University of Szeged,
H-6720 Szeged, Dóm tér 9, Hungary

make materials that possess electromagnetic properties that cannot be found in
nature. The ability to directly control the effective permittivity (ε) and permeability (µ)
of these materials through top down fabrication technology has opened up many

Due to ion irradiation the surface topography of poly(dimethylsiloxane) (PDMS)

potential applications areas such as negative refractive index, optical magnetism,

changes. The irradiated areas shrink and the surface of the unirradiated polymer

slow light, cloaking, superlensing, and sensing. The majority of the metamaterials

curves due to the rubbery nature of PDMS. The degree of shrinkage depends on the

that have been demonstrated thus far have been fabricated using planar lithographic

irradiation fluence and the distance of the irradiated areas. The surface topography,

techniques such as electron beam lithography or UV lithography. In an attempt to

the phase modification of the surface, and the connection between them was

increase the interaction length between the impinging electromagnetic radiation and

revealed with using an atomic force microscope (AFM).

the metamaterial, research has recently moved towards extending fabrication

Achieving regular surface curvature, convex microlenses were created in PDMS with

technologies to the third dimension.

different diameters. The focal lengths can be adjusted with the variation of the

This work will discuss the use of Proton Beam Writing (PBW) for the fabrication of 3D

irradiation parameters. The properties of the lenses were investigated using an AFM

metamaterials. We will show that the unique capabilities of PBW, namely the ability

and a profilometer.

to fabricate arrays of high resolution, high aspect ratio microstructures in polymer or
replicated into metal, is well suited to metamaterials research. We have also
developed a novel method for selectively electroless plating silver directly onto
polymer structures that were fabricated using PBW. This method opens up new
avenues for utilizing PBW for making metamaterials and other sub-wavelength
metallic structures. Various applications of 3D metamaterials fabricated using PBW
will be discussed and advantages of using the PBW technique over traditional planar
fabrication technologies emphasized.
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Micromachining of Polytetrafluoroethylene by Direct Etching

Angular spreading measurements using MeV ion microscopes

Using Proton Beam Writing
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Polytetrafluoroethylene (PTFE) is a material of choice for micro-fluidics and micro

The sharpness of MeV ion microscope is governed by small-angle and associated

components due to chemical resistance and mechanical durability. Direct etching

lateral spreading of the ion beam in the sample [1]. Analytic estimates of small

techniques of PTFE have been reported using X-ray and a focused ion beam (FIB)

angular scattering are limited by knowledge of the ion-target interaction potential at

lithography [1, 2]. In this report, we investigate the capability of proton beam writing

large impact parameters.

(PBW) in direct etching of PTFE.

In MeV ion microscopy the smearing of the image arises by convolution of the details

The PBW was performed using a dedicated PB writer installed at Center for Flexible

of the angular distribution in the tails are important in the smearing of MeV ion

System Integration, Shibaura Institute of Technology. The proton beam at beam
energy of 1.0 MeV was focused to 2.0 µm and was scanned with a beam current of
80 pA over 30 µm squared areas on a 1-mm-thick PTFE film at fluence up to 10
µC/mm2. The PTFE surface was studied by a confocal laser scanning microscope

micrographs. With conventional angular spreading measurements characterisation of
the tail region is limited by solid angle considerations.
We have investigated the measurement of the angular distributions for 0.5-6 µm
mylar foils which has similar to stopping behaviour to dry biological materials. This
was done by measuring the smearing of the image of an electron microscope grid

(CLSM) and a scanning electron microscope (SEM). The surface analysis was

taken with 2 MeV protons. The spreading function was measured by devonvolution of

performed by a FT-IR spectrometer.

the smeared Point Spread Function (PSF) with angular spreading from the foil with

After PBW above a fluence of 1.0 µC/mm , direct etching of the PTFE surface was

the (sharp) point spread function without a foil. The advantage of this approach is

observed by SEM observation. The edge of the PB scanned area was clearly defined

that position drifts due to thermal effects are compensated. The Self-Deconvolving

2

with residuals over the sidewall and bottom surfaces. With increasing fluence up to
10 µC/mm2, the depth of micromachining increase up to around 60 µm measured by
CLMS, which is larger than the projected range of 16.5 µm for 1.0 MeV protons

Data Restoration Algorithm (SeDDaRA) and a blind deconvolution algorithm that is
similar to a Lucy Richardson algorithm with maximum likelihood were tested for the
deconvolution process.
The results show the distributions are non-Gaussian with half-widths of the

incident to PTFE. We observed the decrease of CF2 and CF3 bonds in the

distributions are similar to those predicted using the Bird and Williams [2]

composition of PTFE by FT-IR analysis. This indicates the decomposition of PTFE

implementation of the Marwick and Sigmund [3,4] Amsel et al [5] and SRIM

was involved in the direct etching process. Removal of the residuals was achieved by

predictions.

thermal annealing in vacuum after PBW. The direct etching of PTFE may open a new

[1] H. J. Whitlow, M. Ren, J. A. van Kan, T. Osipowicz, F. Watt, Nuclear Instrum. Meth. B

possibility of the micromachining by PBW, since the wet etching process which is

267(2009)2153

typically applied for previous study using other materials can be skipped.

[2] J.R. Bird, J.S. Williams, in: Ion Beam Analysis, Academic Press, 1989, p. 620

[1] Y. Ukita, K. Kanda, S. Matsui, M. Kishihara. and Y. Utsumi, Microsyst. Technol. 14 (2008) 1567.
[2] N. Miyoshi, A. Oshima, T. Urakawa, N. Fukutake, H. Nagai, T. Gowa, Y. Takasawa, T. Takahashi,
Y. Numata, T. Katoh, E. Katoh, S. Tagawa, and M. Washio, Radiat. Phys. Chem. 80 (2011) 230.
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Three dimensional silicon machining at micro and nano-scale dimensions

Elemental imaging of organic matter and metal associations in ore deposits
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porous silicon components has been developed, based on irradiation with high
energy ion beams, such as protons and helium at energies from 50 keV to 1 MeV.

Organic matter is a common constituent in many ore deposits, such as the

Irradiation alters the flow of the hole current through these regions during subsequent

Witwatersrand and Carlin-type gold deposits, the Zn-Pb-Cu-bearing Mississippi

electrochemical anodization, allowing the anodization rate to be slowed down or

Valley-type deposits and the polymetallic Kupferschiefer. Genesis of most of these

completely stopped for low/high fluences, or for moderate fluences to be selectively
stopped only at a depth corresponding to the high defect density at the end of ion
range, This capability allows true three-dimensional silicon machining and the use of

deposits is linked to hydrothermal processes; however, the role of organic matter in
the ore-forming process is not well understood. The Witwatersrand deposits in South
Africa are the biggest gold and uranium resources on earth, where up to 50% of the
total gold and almost 100% of the total uranium is hosted in bituminous seams and

this process in a variety of fields from optics and photonics to holography, nanoscale

nodules. Understanding the transport mechanisms and depositions processes helps

depth machining is reviewed.

in evaluating the economic potential of these ore deposits.
The nuclear microprobe of iThemba LABS, South Africa, was used for quantitative
mapping on bituminous seams and nodules in Au-U-bearing conglomerates from the
Black, Carbon Leader and Vaal Reef. Simultaneous use of micro-PIXE and microEBS (elastic backscattering spectrometry) gave a more comprehensive picture of
elemental distribution, including C/O ratios. Native gold with varying concentrations of
Ag, Hg and Cd occurs either isolated in the organic matrix or at the grain boundaries
between organic matter and small quartz veinlets. Uraninite is intergrown with gold in
the carbon nodules of Black Reef. In the organic seams of the Carbon Leader Reef
uraninite was grown around gold nuclei in the centre, which is replacing organic
matter. Pb and Th occur together in association with uraninite, but also as native
lead. C/O ratios obtained by micro-EBS allow reconstruction of the maturation path of
organic matter in the deposit. The elevated homogeneous distribution of S gives the
evidence for organo-sulphur species in the organic matter and can be used with C/O
ratios to characterize heavy, polar bitumen fractions. REEs (e.g. Ce and Y), Ca, Ti, Al
and Fe associated with hydrothermal alteration zones suggesting an interaction of a
liquid aqueous and hydrocarbon phases and the formation of new minerals (sericite,
brannerite, pyrophyllite). The results give strong evidence that Au and U were
transported by circulating aqueous and/or insoluble organic phases and precipitated
in solidified bitumen seams and nodules.
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Extraterrestrial materials examined by mean of nuclear microprobe

High Energy Backscattering meets Proton-Proton-Scattering
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Coincident proton–proton scattering at energies between 10 and 25 MeV is a unique

Piscataway, New Jersey 08854–8087, USA

tool for sensitive 3D hydrogen microscopy [1]. In order to correlate the hydrogen
distribution to other elements, a complementary method is required. Using RBS at

Comet fragments, micrometeorites, and Interplanetary Dust Particles (IDPs) are

these high protons seems to be a non-trivial task. However, as an advantage some

small objects (<1 mm) of high scientific interest in cosmochemistry. More particularly,

of the inelastic peaks of many elements visible through high cross section give a

the determination of light element concentrations, such as C and N, in cometary

clear signature to separate single elements or isotopes in the 2D maps. As a second

samples is of interest since it gives information on the regions where such materials

advantage, due to the low stopping power the depth profiles of different isotopes

formed. Carrying out analyses of such objects should be performed so as to extract

overlap only partially when analyzing freestanding samples with thicknesses in the

as much information as possible while preserving sample integrity. For this purpose,

100 µm range. The method is a promising technique to analyze signals of light

we need instruments and methods that provide both microanalysis and detailed

elements in materials which consists of heavier matrix elements [2].

imaging. In these respects, the nuclear microprobe offers many potential advantages:

To map the high energy backscattered protons in parallel with the hydrogen

(i) the spatial resolution, ~ 1µm is well-matched to the typical object dimensions, (ii)

microscopy setup at SNAKE we have installed a 5 mm thick Si(Li)-Detector with an

with some reservations, it is non-destructive when carefully conducted, (iii) it is

energy resolution of 40keV FWHM. We present energy spectra of backscattered

quantitative, and especially sensitive for light elements. At the Saclay nuclear

protons at various thin and thick film samples of pure elements which are used as

microprobe, we have been performing analyses of extraterrestrial objects for many

fingerprints to analyze more complex materials like minerals or metals. Analyzing thin

years. We review some of these studies, emphasizing the specific requirements for

films smaller than 5 µm we have achieved a mass resolution of ∆A/A≤1/48 for non-

successful analyses. We also discuss the potential pitfalls that may be encountered.

overlapping mass signals. We present a first application of this method to analyze the
2D-correlation of various elements to the hydrogen distributions in granular
geological mineral samples from the earth crust.
[1] P. Reichart, et al., Science 306 (2004) 1537
[2] K.Peeper, et al., Nucl. Instr. and Meth. B273 (2012) 254

57

58

ABS #191

O-48

ABS #256

I-08

New markers to identify the provenance of lapis lazuli: trace elements in pyrite

The role of nuclear microprobes in the study of cultural heritage

by means of micro-PIXE

gold and silver items
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determination of the objects manufacturing technologies; (2) identification of the raw
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The analytical study of ancient gold and silver work concerns three main areas: (1)
material sources and of the trade routes (for both raw materials and objects); (3)
study of degradation products and mechanisms.
According to the questions raised by the objects, one science-based technique or a

Museo Regionale di Scienze Naturali, Via Giolitti 36, 10123, Torino, Italy

combination of science-based techniques can be applied to obtain morphological
information about the objects, at different scales and depths, and determine the

Lapis lazuli is one of the oldest semi-precious stone, being used for glyptic as early
as 7000 years ago to produce jewels, amulets, seals, inlays, etc. Only few sources of
lapis lazuli exist in the world due to the low probability of geological conditions in
which it can form, so that the possibility to associate the raw material to man-made
objects helps to reconstruct trade routes. Since art objects produced using lapis lazuli
are valuable, only non-destructive investigations can be carried out to identify the
provenance of the raw material. Ion Beam Analyses (IBA) are a good candidate for
this task, especially if performed with a microbeam, because lapis lazuli is a rock
composed by crystals of different minerals dimension from some micrometers to
hundreds of micrometers. Some markers to distinguish among lapis lazuli from
different provenances using IBA were presented in previous papers [1,2]: they are
based on the presence or absence of a mineral phase in samples from a certain
provenances, trace elements inside a phase or luminescence spectrum peculiar for a
certain provenance.
In this work a systematic study performed on pyrite crystals present in 24 lapis lazuli
samples from four quarries is presented. It provided a multi-technique approach:
optical microscopy and SEM-EDX to find out the crystals of interest and micro-PIXE
measurements (both in vacuum at INFN Legnaro laboratory and with external beam
at INFN LABEC laboratory in Florence) to evaluate the trace elements content inside
the same crystals. Results are promising and the experimental differences among
different provenances are significant.

elemental, structural and isotopic composition of the materials. In most cases

[1] A. Lo Giudice et al., Analytical and Bioanalytical Chemistry, 395 (2009) 2211-2217

filigree and granulation applied to a base-plate by soldering).

however, and particularly in the case of authentication of gold and silver work, we
must link morphology to materials composition in order to accomplish the studies
Cultural heritage objects produced in precious metals are in general small, rare and
precious, which means that sampling is in most cases not allowed and techniques
must so be non-destructive. Elemental analysis and morphological studies play in
this case a major role. Nevertheless, the complex mountings of small objects and
questions on fingerprinting raw materials require the use of particular analytical
techniques. Elemental analysis must in many cases be carried out with spatially
resolved techniques and questions on provenance and trade routes involve the
determination of characteristic element contents with excellent MDLs.
We will show through examples that cover the different situations concerning the
study and authentication of jewellery and coinage, the major role played by nuclear
microprobes in this area of research. IBA accuracy and precision will be assessed by
comparing results obtained on museum objects with different mobile and static
methods such as XRF, synchrotron radiation techniques, ICP-MS, etc. The
importance of the beam size and of MDL levels will be taken into account as well as
the size and complexity of the objects (simply produced by casting such as coins or
with addition of small decorative parts such as jewellery decorated with motives in

[2] A. Re et al., Nucl. Instrum. & Meth. B, 269 (2011): 2373-2377
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Aspects of Ancient Gold Metallurgy as Revealed

Ion beams and X-rays at the LABEC laboratory for Cultural Heritage

by micro-PIXE and micro-SR-XRF
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Analytical techniques exploiting charged particles
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and X-rays have been used since many years to
study nature, structure, technique of production

In ancient times - and until the Middle Age, placer deposits were the most important
gold source. Panned occurring gold contains several impurities as quartz, cassiterite,
chalcopyrite, pyrite. For the authentication of ancient gold artefacts (jewellery and
coins) found on Romanian territory, the most likely use of Transylvanian unrefined
gold must be considered.
We present the analysis of 40 micro-samples (1-2 mg) from most famous Dacian
gold items: “Koson”-type staters and spiraled bracelets recuperated between 2006
and 2011 by Romanian authorities from the international market of antiquities,
performed by micro-PIXE at AGLAE accelerator, Paris, and by micro-SR-XRF at
BESSY Synchrotron, Berlin. Their elemental compositions featuring relatively large
amounts of silver (10% on average) and small amounts of copper (1% on average),
fit the pattern for native gold, which contains up to 40% silver and up to 1% copper,
indicating there was no intention to refine the employed gold. Moreover, each
analyzed item showed a rather inhomogeneous composition. An explanation for this
relative inhomogeneity of the ingot can be given through the fact that the
manufacturers were not using an advanced technology: most likely, a mixture of gold
nuggets and gold dust was melted down without being perfectly homogenized. Both
cold working and sintering of gold concentrates are expected to conserve in the final
product many mechanical impurities, like isolated minerals and inclusions. Traces of
tin were observed in practically all the items. The explanation for this phenomenon is
the following: cassiterite (SnO2) and gold can simultaneously occur in the same vein
or placer deposit. Despite all possible precautions taken during gold panning in
ancient times, some cassiterite grains could still be found in gold-rich concentrates.
When such a naturally occurring gold-rich concentrate was melted in a reducing
atmosphere, the cassiterite was reduced to metallic tin, which entered into liquid
primary gold phase. Copper concentration in artefacts is higher than in Transylvanian
native gold, related to the presence of accompanying gold minerals in gold dust and
nuggets - e.g. chalcopyrite (CuFeS2) “fool’s gold” and pyrite (FeS) - due to probably
confusion made by Dacian “miners” and to the primitive processing of the raw
material.
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and history of objects of art, as well as their state
of preservation. At the LABEC laboratory in
Firenze, Italy, we have gradually upgraded our
facility

by

integrating

the

initial

core

with

complementary techniques. The laboratory, at the beginning constituted by a 2detector external beam PIXE set-up, exploiting a static milli-beam, was successively
expanded by making available high resolution probes and a system to raster scan
the beam over the sample, thus providing imaging capabilities. Also the available
techniques increased with time and we can now exploit external PIGE, BS, FS, IL,
IBIC and STIM, which make possible the exploration of fields different from CH, such
as, for example, Material Science, Geology and Environmental Science. Our most
recent development is a new technique, the in-air broad beam ionoluminescence
microscopy, for a nimble discrimination and possibly identification of different
minerals in rocks and stone objects.
One of the main limitations of the IBA techniques is certainly the need of an
accelerator, which makes them not “portable”; to overcome this limitation, taking
advantage of our experience with X-ray spectroscopy techniques in conjunction with
external beams, at the LABEC laboratory it has been developed an XRF
spectrometer, particularly well suited for applications to Cultural Heritage. In our
system, production and detection of low-energy X-rays are greatly enhanced by a
continuous helium blow along the paths of X-rays to and from the sample and the
detection efficiency is maximised over a wide range of X-ray energies by exploiting
different anodes. This transportable instrument allows us to analyse in situ objects,
such as frescos, that can not be transported to the accelerator hall, this feature
making the instrument very appealing in Firenze, a town rich of works of art, one of
the cities where the Renaissance reached its highest levels.
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Micro-Analysis of Rock Art Paints from Southern Africa:

Silver surface enrichment in ancient coins studied by micro-PIXE

A Conservation Perspective
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The surface enrichment of archaeological silver–copper alloys, either intentional or
due to corrosion processes, has been known for many years [1,2]. The most used

Southern Africa is well known for the abundance of spectacular rock art that reflects

non-destructive techniques, such as particle-induced X-ray emission (PIXE) and X-

the social and religious beliefs of San hunter-gatherers who were decimated by

ray fluorescence (XRF) are surface techniques, with penetration depths typically

colonialism. Located on the walls of thousands of caves and shelters, they date from

ranging from a few microns to a few tens of microns. Therefore, these techniques

the historical period to at least 3000 years ago whilst the earliest dated art mobilier is

could produce results which are not representative of the bulk composition of the

dated to 26000 years. The art is fragile and weathering, exfoliation and vandalism is

alloy [3,4].

contributing to its disappearance. Conserving the art at the micro-scale means

In order to gain insight into the silver enrichment process and the effects on the data

understanding the physical characteristics of the paint and the substrate upon which
it has been applied. This includes the composition or the recipe of the paint [1]. A set
of exfoliated fragments of rock art excavated at Drakensberg Cave Sandstone from
the Ha Khotso shelter in Lesotho as well a set of exfoliated fragments from the
Eastern Cape were analysed by micro-PIXE and micro-RBS at iThemba LABS,

obtained with these techniques, a set of silver roman denarii were cross sectioned
and analysed at the Centro Nacional de Aceleradores micro-PIXE facility [5].
Elemental maps show silver surface enriched layers up to 200 microns, and a silver
surface content of 99 wt% for a silver bulk content of 80 wt%. Besides, silverenriched surface layers are not found for alloys with 96-98 wt% Ag.
Acknowledgments: We thank Pierluigi Debernardi for supplying most of the samples.

Faure. Two-dimensional distribution of Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti and Fe over

Work partially supported by the project HAR2009-07449 from the Spanish Ministry of

selected areas within the fragments was assessed with particular interest to the

Science and Innovation.

correlation of thickness deposit deterioration and paint thickness. The cave
sandstone from Ha Khotso shelter reach in iron oxides and calcium oxides to a lesser
extent showed significant variability in paint thickness over small regions while the
results on the Eastern Cape fragments showed a relatively small variation on the

[1] L.H. Cope, in Methods of Chemical and Metallurgical Investigation of Ancient Coinage,
RNS Special Publication No. 8, p. 261, E.T. Hall and D.M. Metcalf (Eds.), 1972.
[2] S. La Niece, in Metal, Plating and Platination, p. 201, S. La Niece and P. Craddock Eds.
(Butterworth–Heinemann, London, 1993).

thickness of the paint throughout selected regions. Discussion on suitable strategies

[3] L.Beck, S.Bosonnet, S.Réveillon, D.Eliot, F.Pilon, Nucl. Instr. And Meth.B 226 (2004) 153.

for conservation will be presented.

[4] L.Beck, E.Alloin, C.Berthier, S.Réveillon, V.Costa, Nucl. Instr. And Meth. B 266 (2008) 2320.

[1] Hoerlé, S., Bertrand, L., Mguni, S. & Jacobson, L. Microanalysis and dating for rock art

[5] J. García-López, F.J. Ager, M. Barbadillo-Rank, F.J. Madrigal, M.A. Ontalba, M.A.

studies: towards a common analytical strategy. South African Archaeological Bulletin 65

Respaldiza, M.D. Ynsa, Nucl. Instr. And Meth. B 161-163 (2000) 1137.

(2010) 221-224.
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Of all metals, gold has the lowest tendency to react with air to form oxides. It is stable
in the presence of water and moist or dry air. However, in recent years, it has been
observed the presence of stains of different colors not only on ancient but also on
recently minted gold coins which, apart from reducing the coin artistic/numismatic
value with obvious consequences for the coins owners, also shows that the
fabrication procedure still requires further improvements. Some studies [1,2] related
these stains with the presence of Ag clusters on the coin surface that eventually
forms a patina layer of Ag2S. These authors support that silver contamination comes
from the gold blanks production process.
In this work we present the study of modern gold coins (2006 and 2011) presenting
several types of stains on their surface. The research was carried out by means of
Ion Beam Analytical techniques using the microprobe installed at IST-ITN. µPIXE
elemental distribution maps reveal the presence of Ag clusters previously reported,
and also other types of defects as the ones shown in Fig.1. The figures show a
stereomicroscopic image of one of those stains and the corresponding 2D PIXE
maps for Cu-Kα and Zn-Kα lines. From the maps, it is clear that the Cu and Zn
distributions over the surface match with the shape of the stain. Other elements are
presented in this stain, such as Fe, Zn and S. Other type of stains leading to a
different interpretation for their origin are presented and discussed.
V. Corregidor acknowledges the support from FCT-Ciência program.

0.5 mm

a

b

Figure 1. a) Detail of the Cu-rich defect present in the coin mint in 2006; b) 2D-PIXE map of Cu and
Zn (264x264 µm2).
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water using the very low energy electromagnetic physics processes of
the Geant4 toolkit
Elis Stori: Use of Micro-PIXE for Studies of Modifications on Fish Liver
Kay-Obbe Voss: Horizontal Water-Immersion Microscopy for the BioEndstation of the GSI Microprobe
Primoz Vavpetič: Micro-PIXE of thin plant tissue samples in frozen
hydrated state: the first results at JSI nuclear microprobe
Primoz Pelicon: On the distribution of Na, Mg and Cl in halophyte plants
grown in coastal areas and dry deserts
Primoz Pelicon: Quantitative assay of elemental mass inventories in
single cell biological systems with micro-PIXE
Hisanori Komatsu: Strontium Analysis of Carious Human Tooth around a
Fluoride-containing Material using by µ-PIGE/PIXE System
Maria Lucia Yoneama: Ion Beam Analysis of Ground Coffee and
Roasted Coffee Beans
Rita Godinho: Trace elemental profiles in teeth of sperm whales from
Azores
Carine Kunsevi-Kilola: PIXE and RBS analysis of serum specimens of
rats fed with tea extracts to ascertain trace element absorption
Johan Mars: A Application of PIXE and RBS to quantify the removal of Ni
and Pd from polluted waters using skins of cocoa (Theobroma cacao)
and sweet potatoe (Ipomoea batatas)
Johan Mars: Evaluation of the effects of Kolaviron (Garcinia kola) on the
elemental metabolism in the rat liver and kidney using PIXE, RBS and
SEM

18:15 P-68

Monitor LCD-D: Art & Archaeometry + Earth & Environmental Sciences
Moderators: Lorenzo Giuntini and Márcia Vilarigues
16:15 P-69
16:25 P-70
16:35 P-71
16:45 P-72
16:55 P-73
17:05 P-74
17:15 P-75
17:25 P-76
17:35 P-77
17:45 P-78
17:55 P-79

Monitor LCD-C: Proton Beam Writing

18:05 P-80
18:15 P-81

Moderators: Geoff Grime and Daniel Spemann
16:15 P-56
16:25 P-57
16:35 P-58
16:45 P-49
16:55 P-60
17:05 P-61
17:15 P-62

Charlotte Rothfuchs: Fluence dependent 3D structure formation for
MEMS in III-V semiconductors with proton beam writing
Andrew Bettiol: Proton beam writing of three-dimensional microcavities
Harry Whitlow: Lithographic fabrication of soda-lime glass based
microfluidics
Harry Whitlow: Development of software and procedures for
programmable proximity lithography
Keisuke Saito: Flexible optical components of silicone fabricated by
proton beam writing
Sebastien Brun: Application of stencil masks for ion beam lithographic
patterning

Xiaolin Li: Proton beam writing at the nuclear microprobe in the
Shanghai Institute of Applied Physics
Istvan Rajta: Design and focussed proton beam fabrication of
transmission optical gratings of quasi-sinusoidal profile in glass
Istvan Rajta: PDMS compaction by heavy ions
Daniel Spemann: Greyscale Proton Beam writing in p-type GaAs
Akane Kitamura: Fabrication of Micro-prominences on PTFE Surface
using Proton Beam Writing
Feng Chen: Optical channel waveguides in Nd:YCOB crystal produced
by proton beam writing
Takuro Sakai: Commodity Plastics Micromachining by Proton Beam
Writing and Fabrication of Spatial Resolution Test-chart for Neutron
Radiography

18:25 P-82
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70

TomasTrojek: Investigation of the Panel Painting St Anne with the Virgin
Mary and the Child Jesus Using Several Analytical and Imaging Methods
Susana Coentro: Study of Hispano-Moresque tiles from the Monastery
of Santa Clara-a-Velha in Coimbra, Portugal, using µ-PIXE
Omidreza Kakuee: PIXE analysis of Persian miniature used in 16th
century poetry manuscript
SzofiaTörök: The CHARISMA EU-FP7 project at the Debrecen ion beam
facility
Carmen Pavel: An X-ray tomograph used in the study of ancient
ceramics objects
Daniel Cristea-Stan: Geological Information on Transylvanian Gold Using
micro-PIXE and micro-SR-XRF
Catalina Chiojdeanu: A statistical study on the elemental composition of
gold Koson type coins Writing and Fabrication of Spatial Resolution Testchart for Neutron Radiography
Rui Martins: Study of fossilized eggshells from the Late Jurassic
dinosaur clutch of Porto das Barcas (Lourinhã Formation, Portugal)
Filomena Guerra: The Earrings of Pancas Treasure: analytical study by
X-ray based techniques
Serhiy Lebed: Study of Chernobyl mushroom by means of micro-PIXE
technique
Pisutti Dararutana: Characterization on Islamic luster ware in Thailand: A PIXE
study
Pisutti Dararutana: PIXE study on Lanna-style decorative glass
Pisutti Dararutana: PIXE study on ancient glass beads excavated from
Khlong Thom, Thailand
Jamie Laird: Impurity Heterogeneity in Natural Pyrite and its Relation to
Internal Electric Fields Mapped Using Remote Laser Beam Induced
Current

POSTER SESSION III, 26 JULY 2012

16:25
16:35

Monitor LCD-A: Material Sciences & Microelectronics
Moderators: Ettore Vittone and Harry Whitlow

16:45

16:15 P-83

16:55

16:25 P-84
16:35 P-85
16:45 P-86
16:55 P-87
17:05 P-88
17:15 P-89
17:25 P-90
17:35 P-91

Omidreza Kakuee: Ion beam analysis of gas turbine blades: Evaluation
of refurbishment quality
Frans Munnik: Spatially-resolved analysis of natural minerals as carriers
of high-tech metals and Rare Earth Elements: comparison of EPMA,
PIXE and Sy-µXRF
Rosa Soares: The influence of photon excitation and proton irradiation
on the luminescence properties of yttria stabilized zirconia doped with
praseodymium ions
Natko Skukan: CVD diamond as a position sensitive detector
using charge carrier transition time
Katrin Peeper: Ion Microscopy of Hydrogen retention in heavy metals
Geoff Grime: Micro-PIXE and Micro-RBS observation of micropores in
porous silicon prepared by microwave assisted HF etching
Nuno Santos: Microprobe analysis, iono- and photo- luminescence of
manganese activated ZnGa2O4 fibres
Marcus Moser: Corteo Simulations for Quantitative Hydrogen Analysis
using Proton-Proton Scattering
Laura Grassi: Charge collection study in the interstrip region of DSSSD
using proton microbeam

17:05
17:15
17:25
17:35

Monitor LCD-D: Imaging & Tomography

Moderators: Primoz Pelicon and Rui C. da Silva
16:15 P-110 Ebrahim Gholami-Hatam: Surface topography of 1€ coin measured by
stereo-PIXE
16:25 P-111 Ralf Wunderlich: Quantitative IBA microscopy on lateral highly
inhomogeneous meteorite samples
16:35 P-112 Nirav Barapatre: 3D Analysis of an Induced Murine Atherosclerotic
Lesion by PIXE Stacking
16:45 P-113 Wataru Kada: Microscopic Imaging approach to Bio-aerosol particles by
using in-air micro-IL analysis combined with micro-PIXE
16:55 P-114 Tobias Andrea: 3D imaging of cells using limited-angle STIM and PIXE
tomography
17:05 P-115 Daniel Beasley: Fast Simulation of Proton Induced X-Ray Emission
Tomography Using CUDA
17:15 P-116 Ana Marques: STIM tomography analysis at the ITN nuclear microprobe
17:25 P-117 Elis Stori: Use of STIM for Morphological Studies of Microstructured
Polymer Foils
17:35 P-118 Natasa Grlj: 3D elemental reconstruction of a micro-particle with
confocal PIXE

Monitor LCD-B: Earth & Environmental Sciences
Moderators: Chris Ryan and Victoria Corregidor
16:15 P-92
16:25
16:35
16:45
16:55
17:05
17:15
17:25
17:35

P-102 Milko Jakšić: In-air proton microbeam for detector testing
P-103 Cláudia Souza: Electronic Behavior of Polymer Foils Irradiated with
Nuclear Microprobe
P-104 Khaled Ali: PIXE, RBS and SEM analysis to quantify the effect of Zr
on Ti-alloy wires to be used as orthodontic material
P-105 Luka Jeromel: Construction of a Time-Of-Flight telescope for MeV
SIMS at Jožef Stefan Institute
P-106 Toshio Seki: An Electrostatic Quadrupole Lens for Focusing Swift
Heavy Ions in MeV−SIMS
P-107 Primoz Vavpetič: Quantification of micro-PIXE by Si (Li) X-ray
detector for the elements with characteristic K X-ray energies below the
silicon absorption edge
P-108 Brian Jones: ToF-SIMS molecular imaging of fingerprints using pulsed 4
MeV oxygen ions with the Surrey Ion Beam Centre nuclear microprobe
P-109 Rainer Siegele: Approximating the physiological elemental composition
of freeze dried, thin mouse brain sections using Geo-PIXE

Aleksandr Ponomarev: A Study of Calcium Varieties of Uraninite and
Uranyl Minerals by EPMA and micro-PIXE Techniques to Develop
Nuclear Forensic Signature
P-93 Serhiy Lebed: Usage of micro-PIXE technique for optimization of water
filtration system
P-94 Per Kristiansson: Quantitative hydrogen analysis in minerals based on a
semi-empirical approach
P-95 Andreas Markwitz: Use of proton elastic scattering analysis
to determine water content in geological powders
P-96 Hao Shen: A mineralogical application of micro-PIXE technique: the NiMo-PGE polymetallic layer of black shales in Zunyi region, South China
P-97 Jose Francisco Guambe: A 3D study of the effect of pollution in fish
scales using PIXE, SEM and BS
P-98 Patrick Reichart: Hydrogen Microscopy on Natural and Synthetic
Minerals
P-99 Rita Godinho: Metal contaminants from highway drainage water were
internalized by the aquatic plant Lemna minor
P-100 Alessandro Lo Giudice: Micro-Ionoluminescence and micro-PIXE in
natural diopside: activators and ion damaging effects

Monitor LCD-C: Microbeam Technology + Biology & Biomedicine
Moderators: Tomihiro Kamiya and Charlotta Nilson

16:15 P-101 Anaí Duarte: Elemental Characterization of Gunshot Residues
Generated by Brazilian manufactured Ammunition
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A new data acquisition and imaging system for the nuclear microprobe at the

A new detection system for the simultaneous analysis of light and heavy

Shanghai Institute of Applied Physics

elements at the nuclear microprobe of the Shanghai Institute of Applied

J.F. Liu1, 2, L.M.Bao1, X.L. Li1, G.L. Zhang1, Y. Li1

Physics
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Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800,
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China
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Shanghai Institute of Applied Physics, Chinese Academy of Sciences,

Xinyang Normal University, Xinyang 464000, China

Shanghai 201800, China
2

Xingyang Normal University, Xingyang 464000, China

A new data acquisition system (DAS) for nuclear microprobe based on LabVIEW and
FPGA technology has been developed at the nuclear microprobe laboratory of the

Recently, a new detection system was built up for the simultaneous analysis of light

Shanghai Institute of Applied Physics, Chinese Academy of Sciences. Data

and heavy elements at the nuclear microprobe of the Shanghai Institute of Applied

acquisition issues such as precise timing for scanning and combination of data can

Physics. The detection system consists of an ultra thin windowed Si (Li) detector, a

be easily to implement using the LabVIEW language, because the data acquisition

Be-windowed Si (Li) detector, one high purity germanium (HPGe) detector and a

circuit is implemented by the Field Programmable Gate Array (FPGA) embedded in

surface-barrier detector. The ultra thin windowed Si (Li) serves to measure low

the NI PXI7852R card. And some personalized features of the DAS can be easily

energy X -ray line (E≈0.2~7keV), light elements such as C and O can be directly

enabled by programming the FPGA software. Multi-channel (even to 10) data

observed even if they are in minor amounts. The Be-windowed Si (Li) detector is

(include sample coordinate information) can be acquired at the rate of 20000CPS for

used to detect the medium or high energy X-ray. In this way elements Z>5 can be

each simultaneously by the new system. In this paper we present the results of the

detected simultaneously by micro-PIXE analysis. The HPGe detector with a

new data acquisition system developed at the Shanghai Institute of Applied Physics

resolution of 1.80 keV at 1.33 MeV was used for the PIGE experiment, which is used

(SINAP), Chinese Academy of Sciences using the new National Instruments cards in

for determination of light elements such as Li, Be, B, F, Na, Mg, Al and Si as a

conjunction with rack mountable Wilkinson type ADCs.

complementary technique of PIXE. Further, proton elastic scattering analysis (PESA)
was used to analyze hydrogen content with a fully depleted surface-barrier detector
(50 mm2 area, 12 keV FWHM). Some measurements of standards samples were
performed by simultaneous using PIXE, RBS, PEAS and PIGE techniques in order to
check and improve the sensitivity of the new detection system. The experimental
results showed that a rapid and complete analytical characterisation of samples from
H to uranium is possible in a single irradiation process combination of different ion
beam analytical methods. Current research activities are focused on the application
of the new detection system for the material and environmental analysis.
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Dynamic focusing of microprobe lens system during scanning process

Effectiveness of Three-stage Acceleration Lens used in 300 keV Compact

K.I. Melnik

Focused Gaseous Ion Beam System
Y. Ishii11, T. Ohkubo1, Y. Miyake2, T. Kamiya1

Institute of Applied Physics, Nat. Academy of Sciences of Ukraine, Sumy, Ukraine
1

Japan Atomic Energy Agency, 1233 Watanuki-machi Takasaki Gunma, 370-1292, Japan
2

While scanning along specimen surface a beam broadening took place because of

Beam Seiko Instruments Inc, 1-10-1 Kamata, Ohta-ku, Tokyo, 144-0052, Japan

aberrations and probe exiting from a focus of a lens system. If it is talked about a
nanoprobe formation, such broadening will be able to become a significant factor that

A compact gaseous ion micro- or nano-beam system from several hundred keV to

worsens a resolution, more essential on raster borders, especially if the raster is

several MeV is a powerful tool for micro-fabrication and micro-analysis used in

hundreds of micrometers in size.

various research fields. A 300 kV three-stage acceleration lens which worked as an

A dynamic focusing has been developed for using in various devices utilizing electron

accelerator as well as a focusing lens was designed and constructed for this

beam scanning. A purpose of the dynamic focusing is to compensate the effect of

purpose. This three-stage acceleration lens is the expansion of the two-stage

probe smearing while moving away from the optical axis. In this work, the possibility

acceleration lens system of the 50 keV gaseous ion beam system [1]. By adding a

of using of a dynamic focusing in systems of magnetic quadrupole lenses has been

dedicated acceleration tube as a final focusing lens [2] to the two-stage acceleration

studied. Systems where an electrostatic scanner placed before a final focusing

lens, a 300 keV compact gaseous ion microbeam system with total length of about 2

doublet of magnetic quadrupoles were under investigation. Highly excited

m and a demagnification of over 1500 was realized. The experiments of focusing

quadrupoles has significant spherical aberrations and are very sensitive to a beam

beam using this system were carried out to clarify its effectiveness. In the poster,

entrance angle, so probe characteristics may vary considerably during scanning.

results of them will be presented and discussed in detail.

As a dynamic focusing, it is implied a changing of quadrupole lens currents upon a

[1] Y. Ishii, A. Isoya, K. Arakawa, T. Kojima, R. Tanaka, Nucl. Instr. Meth. B 181(2001)71

certain rule such that probe size remains minimal in any raster point. Up-to-date

[2] Y. Ishii, T. Ohokubo, T. Kojima, T. Kamiya, Nucl. Instr. Meth. B, 269(2011)2184

power supplies often allow a remote control that could be done synchronously with
scanning. One more possibility is a using of relatively weak electrostatic lenses for
the same aim. Because electrostatic lenses are not subjected to hysteresis and are
simpler to control, this way could lead to feasible results.
It has been shown that implementation of a dynamic focusing in systems of magnetic
quadrupoles could help to control probe characteristics for the aim of broadening
minimization during scanning.
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The new external microbeam at the Debrecen Nuclear Microprobe facility

Alignment Tolerances and Octupole Aberration Corrections

Zs. Török, Zs. Kertész, R. Huszánk, I. Rajta, Z. Szikszai, L. Csedreki, A. Angyal,

in an Ion Nanoprobe

E. Furu, Z. Szoboszlai, Á. Z. Kiss, I. Uzonyi, L. Palcsu

M. Rothermel, D. Spemann

Institute of Nuclear Research of the Hungarian Academy of Sciences (ATOMKI-HAS),

Institute for Experimental Physics II, Universität Leipzig, Linnéstraße 5, 04103 Leipzig,

Bem tér 18/c, H-4026 Debrecen, Hungary

Germany.

In this work we present a new external microbeam measurement setup at the
Debrecen Nuclear Microprobe facility.
The external microbeam was installed as a continuation of the existing Oxford
Microbeams (OM) microprobe vacuum chamber. An external beam add on system by
OM was mounted after the vacuum chamber. The extraction nozzle has been closed
with a 100 nm thick silicon nitride (Si3N4) exit window. The sample is positioned using
a microscope, an alignment laser and a precision step controller. The beam current is
measured with a beam chopper placed in the vacuum chamber. The measurement
system is equipped with two X-ray detectors (for detecting high and low energy Xrays separately) for PIXE analysis, a surface barrier detector for RBS measurements
and a HP-Ge detector for γ-ray detection. This arrangement permits the combination
of these techniques either simultaneously or sequentially too.
The capability of the new external microbeam facility was demonstrated on a
stalactite sample. The elemental ratios (e. g. Mg/Ca, Sr/Ca) of the growth layers of
the stalactite are characteristics to the climate when it was created.
Acknowledgement. The development of the new external microbeam system was
partially financed by the Hungarian Academy of Sciences. This work was carried out
in the frame of the János Bolyai Research Scholarship of the Hungarian Academy of
Sciences.

Most reliable results can be achieved, if
they are based on a vast number of
measurements. This holds for every
scientific area. Two examples we are
working on are biological studies and
tomography. The first mentioned
principle holds for both areas in a
different way. Biological studies need a
high sample throughput to reduce
effects
of
biodiversity,
whereas
tomography
needs
as
many
measurements from different angles as
possible. In ion beam analysis studies,
both areas can profit from a higher
beam current. This is because the
measurement time will be reduced by the same amount as the current is increased.
Since the ion optical focusing system at LIPSION suffers from intrinsic spherical and
parasitic octupole aberrations, the maximum diameter of the object and aperture
diaphragms is limited, if focus degradations shall be excluded. Whereas the spherical
aberrations were tolerated during the system design to get a high symmetrical
demagnification factor of 82.2 [1] (intentionally, in practice a demagnification factor of
130 was reached [2]), the octupole aberrations are parasitic due to inaccuracies in
the magnetic quadrupole fabrication. Jamieson et al. showed [3], that these
aberrations can be significantly reduced by inserting an octupole correction lens into
the system. Thus, the Leipzig ion optical system was analyzed and an octupole
correction lens was built, accompanied by simulations concerning alignment
tolerances and their effect on the focus size and shape as shown in the image.
[1] T. Butz, et al., Nucl. Instr. and Meth. B 161 (2000) 323.
[2] M. Rothermel, T. Butz and T. Reinert, Nucl. Instr. and Meth. B 267 (2009) 2017.
[3] D.N. Jamieson and G.J.F. Legge, Nucl. Instr. and Meth. B 34 (1988) 411.
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CRionScan: a stand-alone real time controller designed to perform ion beam

Elemental Analysis of Cork Stoppers

imaging, dose controlled irradiation and proton beam writing.

C.E.I. dos Santos1, M.L.Yoneama1, R. Debastiani1,

1,2

1,2

1,2

1,2

V. Manfroi2, L. Amaral1, J.F. Dias1

L. Daudin , Ph. Barberet , L. Serani , Ph. Moretto
1

1

Université Bordeaux, CENBG, UMR 5797, F-33170 Gradignan, France
2

Physics Institute, Federal University of Rio Grande do Sul, Av. Bento Gonçalves, 9500,

CNRS, IN2P3, CENBG, UMR 5797, F-33170 Gradignan, France

CEP 91501970, Porto Alegre (RS), Brazil
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Food Science and Technnology Institute, Federal University of Rio Grande do Sul,
Av. Bento Gonçalves, 9500, CEP 91501970, Porto Alegre (RS), Brazil

High resolution focused ion beams, usually used to perform elemental cartography,
low dose targeted irradiation or ion beam lithography need a very flexible beam
control system. For this purpose, we have developed a dedicated system (called

Among all materials used to seal wine bottles, cork is the most common sealant due

“CRionScan”), on the AIFIRA platform (Applications Interdisciplinaires des Faisceaux

to its mechanical and thermal properties. Independently of the nature of the stopper

d’Ions en Région Aquitaine). It consists in a stand-alone real time scanning and

(cork, synthetic or twist-off cap), it should not interfere with the quality of the wine.

imaging instrument based on a Compact Reconfigurable Input/Output (Compact RIO)

Nevertheless, several studies have shown that organic compounds such as

TM

device from National Instruments . It is based on a Real-time controller, a Field
Programmable Gate Array (FPGA), Input/Output Modules and Ethernet connectivity.
We have implemented a fast and deterministic beam scanning system interfaced with
our commercial data acquisition without any hardware development. Built under
LabVIEW TM, CrionScan is used on AIFIRA's nanobeam line since 2009 [1, 2]. A
Graphical User Interface (GUI) embedded in the Compact RIO as a WEB page is

chloroanisoles may affect the wine organoleptic properties [1]. On the other hand,
scarce information is available about the elemental composition of cork elemental
and how the elements are distributed throughout it. Therefore, the aim of this work is
to determine the cork elemental composition and distribution. To this end, several
Merlot wine bottles were sealed with three different corks (1+1, natural and
agglomerate) and stored for eighteen months in ideal temperature and light
conditions. After this period, some bottles were opened and the corks were extracted

used to control CRionScan. A fast electrostatic beam blanking trigger has been

for PIXE analysis. For all corks, three samples were obtained by cutting the bulk, top

included in the FPGA. High speed counters (15MHz) have been also implemented to

and bottom (in contact with the wine) layers. The measurements were carried out

perform dose controlled irradiation and on-line images on the GUI. Analogue to

with the ion microprobe facility of the Ion Implantation Laboratory (IF-UFRGS) with a

Digital converters are used for the beam current measurement and in the near future

2.5 x 2.5µm2 focused 3 MeV beam energy and a current of approximately 70 pA. The

for secondary electrons imaging. Other functionalities have been integrated in this

scan size of 1 x 1 mm2 was used to map the elemental concentration. The results

controller like LED lighting using Pulse Width Modulation and a “NIM Wilkinson ADC”

obtained for the 1+1 pristine cork (natural disc) show that the elements are not
distributed homogeneously throughout the surface of cork stoppers. For instance, the

data acquisition.
Keywords: Beam Scanning, Imaging, FPGA, real time system, Dose controlled
irradiation, Nuclear microprobe, ion beam instrument.

region around the lenticels borders presents higher S, K and Ca concentrations.
Elements such as Si and Ti, which are present in the surface treatment of the cork,
show similar pattern in the scanned region. Moreover, the storage time may have

[1] “Technical description of the CENBG nanobeam line”, Ph. Barberet et al., Nucl. Instr. and

affected the elemental concentrations of some elements, especially K and Cl.

Meth. B 267, 2003–2007, 2009.

[1] P. Chatonnet, A. Fleury, and S. Boutou, J. Agric. Food Chem, 58 (2010) 10528.

[2] “First results obtained using the CENBG nanobeam line: performances and applications.”,
Ph. Barberet et al., Nucl. Instr. and Meth. B 269, 2163–2167, 2011.
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Proton microbeam irradiation of a 3D skin model reveals reduced side effects

Are trace elements in brain associated with learning?

in tumor therapy
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The aim of any tumor radiation therapy is to deliver a dose to the tumor that all
cancer cells or cancer stem cells are killed while sparing healthy tissue and sensitive

Knowledge about the distribution and concentration of trace elements in tissues is of

organs as much as possible. Proton and heavy ion therapy has proven to deposit

utmost importance since trace elements are related with several biological functions

much lower effective doses to the normal tissue surrounding the tumor of a patient

[1]. Zn, Ca, K, Na, Cl, Cu, S, Al and P may play a role in brain concerning memory

than x-ray irradiation under the constraint of delivering a certain dose to the tumor.

formation and learning. Among some methods to measure the elemental distribution

We propose a tumor treatment using a proton microbeam to improve the advantages

in animal brain, PIXE is one of them. In this work, micro-PIXE was used to determine

of conventional proton therapy by further reducing side effects in the healthy tissue

the elemental distribution in coronal sections of male rats. To that end, a protocol for

although the dose applied to the tumor is kept constant. The proton microbeam of 50-

sample preparation was devised. We used cryofixation by freezing in isopentane

500 µm radius is applied matrix-wise with a point to point distance D in the millimeter

cryoliquid in order to minimize the formation of ice crystals. During such process,

range. Due to multiple scattering the beam spreads laterally and homogeneously

tissues were rapidly frozen to preserve their integrity [2]. Middle-age male Wistar rats

irradiates the tumor just like with broad beam or scanned pencil beam irradiation.

(6 months) (n = 5) were analyzed. A standard diet was provided to all animals. The

However, the inhomogeneous dose distribution in the healthy tissue, especially the

animals were sacrificed after learning and memory retention experiments. Their

skin, is expected to lead to reduced side effects: Only a small fraction (e.g. < 1 %) of

brains were quickly removed and immediately frozen by submerging them in

the cells at the skin obtains a high dose, even much higher than within the tumor,

isopentane cooled in liquid nitrogen. They were subsequently stored in a freezer at –

leading to a kind of overkill and all cells within the beam focus will die, while the rest

70°C to avoid ionic mobility. To perform the coronal section (30 µm thickness), the

receives only little dose. DNA damage induced in the hit cells will thus not be

brains were positioned on a manual tissue slicer inside a cryostat at –25°C. The

transported into later cell generations because the cells do not divide any longer,

micro-PIXE measurements were carried with a 3 MeV proton beam and an Oxford

reducing secondary tumor induction. In addition, acute reactions of the healthy tissue

microprobe system. The samples were fixed in a holder inside the chamber kept at

in comparison to broad beam irradiation are reduced, even when Bystander effects

10-6 mbar. Several elemental maps including Al, P, S, Cl, K, Ca, Fe, Cu and Zn were

are considered. We proved this hypothesis by showing reduced chromosomal

obtained. The sample preparation method proved to be suitable for the present

aberrations as well as reduced inflammatory reactions when comparing microbeam

study. However, the studied elements are distributed heterogeneously in rats

and broad beam irradiation of artificial skin tissue with 20 MeV protons at the Munich

hippocampus.

proton microprobe SNAKE. In case of the microbeam irradiation a 20 MeV proton
microbeam was prepared with a diameter smaller than 1 µm and scanned to a field of
50x50µm² or 100x100µm² (D=0.5mm or D=1mm) in order to simulate realistic
microbeams for tumor treatment purposes.
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[1] T. Takahashi, S. Hatashita and Y. Taba, J Neurosci Methods, 100, (2000), 53.
[2] Tylko G, Mesjasz-Przybyłowicz J and Przybyłowicz WJ, Microsc Res Techniq, 70(1),
(2007), 55-68.
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Feasibility of breast cancer screening by PIXE analysis of hair

excitotoxic injury
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Recently the ANSTO heavy ion microprobe has been used to analyse brain tissue
sections. This is quite challenging, because tissue section are typically quite thin and

To reveal the role of key elements present in tissues of patients on cancer

concentration variations in the major elements are quite small, which makes mapping

development, several research groups have investigated the concentration of

difficult.

elements in tumor [1] or other tissues such as hair, blood serum and nail. In fact,

Excitotoxic

brain

injury

underlies

the

pathology

of

stroke

and

various

neurodegenerative disorders. Large fluxes in Ca+2 cytosolic concentrations are a key
feature of this pathophysiological process. In order to understand, if these
modifications are associated with changes in the elemental composition, several

variation in the content of trace elements could either be due to cancer or could be
accounted as a risk factor for initiation of cancer.
In this research work, the potential of hair trace elements in the diagnosis of breast
cancer is evaluated. The hair samples were collected from 82 patients (22-70 years
old) who had visited Cancer Institute in Tehran for diagnosis or treatment.

brain sections have been mapped with µPIXE.

Three groups of people were investigated in this research work: 10 healthy people,

We were able to measure significant changes in the elemental composition of K and

51 people suffering from benign breast disease, and 21 patients with breast cancer.

K in the tissue. These elemental changes correlate very well with physiological

The hair samples of cancer cases were collected from patients who had been

changes visible in the brain tissue. Therefore the mapping of the elemental variations
clearly demonstrates that the composition changes are caused by the trauma.

operated for a breast cancer just before any chemotherapy and medicine therapy.
Hair Samples, about 2-3 g (length: 1-3 cm), after washing in acetone and rinsing in
distilled water were dried in an oven at 80ºC. The prepared hairs were then grinded
to powder in liquid nitrogen environment. The hair powders were then formed into
thin flat disk-shaped pellets with a diameter of 10mm and uniform thickness of about
0.5mm using a hydraulic press. The prepared pellets were then mounted on the
sample wheel in the vacuum reaction chamber for PIXE analysis. Analysis of the
samples was carried out using 2.2 MeV proton beam of a 3 MV Van de Graaff
accelerator. To perform quantitative PIXE analysis, a thin Ag foil was placed in the
beam path. In this way, the electric charge could be measured indirectly by counting
the backscattered protons from the thin foil.
Analysis of the results indicated that there was a statistically significant variation in
the contents of K, Zn, Cu, Fe and S in the hair of the three investigated groups.
[1] M.J. Farquharson, et al., Appl. Radiat. Isot. 65 (2007) 183–188.
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Fluoride concentration change in a tooth with acid treatment

Proton transport in water and DNA components:
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progress has been clarified yet, though the fluorine is said to be effective in
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was attached on the polished human dentin surface for three months. The polished
dentin surface from which the material was removed was covered with tape, leaving
a gap of 1 mm width in the center of the surface. The surface which was not covered
with tape was etched with the acid (K-ethcant; Kuraray) for 30seconds and washed
for 10seconds.

Modeling DNA damages from ionizing radiation remains a challenge of today’s
radiobiology research. An original set of physics processes has been developed for
modeling the detailed transport of protons and neutral hydrogen atoms in liquid water
and in DNA nucleobases using the Geant4-DNA extension [1] of the open source
Geant4 Monte Carlo simulation toolkit. The needed theoretical cross sections as well

The dentin was cut perpendicular to the polished and etched surface. Two-

as the mean energy transferred during the different ionizing process were taken from

dimensional and line analysis of calcium and fluorine were performed from the

recent works based on a Classical Trajectory Monte Carlo (CTMC) approach [2] as

surface corresponding to the polished and etched site toward to the inner of tooth on

well as quantum mechanical predictions [3-4]. Furthermore, in order to compare

the cutting plane. F concentrations of 50, 100 microns position from the surface on

energy deposition patterns in liquid water and in DNA material, we here propose a

the cutting plane were compared.
At the case in TF-1, the F concentration at the etched surface was significantly higher
than at the polished surface in the both positions. The difference of F concentration in

simplified cellular nucleus model made of spherical voxels, each containing randomly
oriented nanometer-size cylindrical targets filled with liquid water or DNA material.
These cylindrical volumes have dimensions comparable to genetic material units of
mammalian cells, namely, 25 nm (d) × 25 nm (h) for chromatin fibre segments, 10 nm

F-IX between polished and etched surface was not so clear compared with the result

(d) × 5 nm (h) for nucleosomes and 2 nm (d) × 2 nm (h) for DNA segments.

of TF-1. The eluted fluorine from a tooth may be up taken again rather easily into a

Frequencies of energy deposition in the cylindrical targets will be presented and

tooth, in case of existing around a tooth, the amount of uptake may be affected on

discussed.

the kind of F-releasing dental materials.

[1] http://geant4-dna.org
[2] C. Champion et al., Phys. Med. Biol., 55 (2010) 6053.
[3] M.E. Galassi et al., Phys. Med. Biol. (2012) in press.
[4] C. Champion et al., in preparation.
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Investigation of Cd1-xMnxTe Polycrystalline Thin Films Using Nuclear

Formation of Au/Ti/Al/Ti ohmic contacts for AlGaN/GaN transistors:

Microprobe Techniques

an ion beam study
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High-resistance cadmium telluride monocrystals and thick films are one of the basic

6

effective materials used for fabrication of hard radiation detectors [1]. Now there is a
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Departamento de Física Aplicada, Universidad Autónoma de Madrid, Spain

Institut für Experimentelle Physik, Otto-von-Guericke-Universität Magdeburg, Germany

trend to substitution of a cadmium telluride doped or undoped with chlorine by threecomponent solutions with Zn or Mn. A high resistivity (ρ > 1010 Ohm), an effective

GaN-based high electron mobility transistors (HEMTs) are promising devices for high

regulation of solution bandgap by the impurity introduction (12-15 meV at 1 atm%

frequency and high power applications. Although significant progresses have been

Mn), a low coefficient of Mn segregation (k ≈ 1), etc. are advantages of the solid

recently reported [1], limitations in the performance of these devices include the high

solution of Cd1-xMnxTe as a detector material. At the same time, cheap polycrystalline

contact resistance associated to the reduced in-diffusion of the metals inside the

films on no orienting conductive substrate are the most promising for using as basic

active layers [2]. This effect is usually caused by the balling-up of Al and the

detector layers. Such films have a columnar structure and their grain size is

formation of different metallic grains during the rapid thermal annealing (RTA) [3],

significantly higher than a mean free path of charge carriers (D>>L).

which compromise the formation of sharp edge acuity for short channel devices.

Thin and thick films of Cd1-xMnxTe were produced on clean glass substrates with a

In this work we analyze the formation of Au/Ti/Al/Ti ohmic contacts for AlGaN/GaN

conductive sublayer. Method of substance sublimation in a quasi-closed volume was

HEMTs, in order to determine the barrier effect of the Ti layer placed between Al and

used. The Cd70Mn30Te mixture of semiconductor grade was evaporated at Te=1073K.

Au films. A series of 4 metallization schemes with an increasing thickness of such Ti

A substrate temperature was varied within Ts = 573-823 K. Some sublimated films

layer (30, 50, 70, and 90 nm, respectively) was used. Rutherford backscattering

were vacuum annealed. Top current-collecting contact was produced by vacuum

spectrometry (RBS) and particle induced X-ray emission (PIXE) studies were carried

evaporation of Ag. Morphology of films surface and cross-section was investigated by

out to determine the concentration profile before and after the RTA. Metal distribution

means of scanning electron microscopy. Average grain size in layers was calculated

maps were recorded in transmission line models using the nuclear microprobe, as a

by Jeffrey’s method. Sumy scanning nuclear microprobe [2] was used for analyzing

tool to detect the possible segregation of metals. The results were compared with

of the film composition by µ-PIXE. Sample area of 200×200 µm was scanned by a

electrical measurements of the contact resistance. Elemental distribution maps of the

proton beam with energy Ep = 1.4 MeV. Parameters of the experiment were: spot

contacts show a relatively uniform deposition of the metals, with scarce and isolated

size 5.2×3.6 µm, charge Q = 2×10-10 C/pixel, raster 100×100 pixels, scanning step 2

imperfections. Interestingly, the results also show that the in-depth homogeneity does

µm. Charge collection efficiency was determined by IBIC technique. Based on

depend on the Ti thickness, being the optimum between 50 and 70 nm. The best

obtained results optimal conditions for fabrication of the patterned films which provide

contact resistance (0.4 Ω·mm) was found for layers with such thicknesses, pointing

high signal detection efficiency were determined.

out the important role of the Ti barrier in the alloying mechanisms.

[1] A. Owens, A. Peacock, Nucl. Instr. Meth. A 531 (2004) 18-37.

[1] J. W. Chung et al., IEEE Electron Device Lett. 31, 195 (2010).

[2] D.V. Magilin, A.G. Ponomarev, V.A. Rebrov et al., NIM B 267 (2009) 2046-2049.

[2] A.N. Bright et al., J. Appl. Phys. 89, 3143 (2001).
[3] F.M. Mohammed et al., J. Appl. Phys. 101, 033708 (2007).
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CdTe nanorods for photovoltaic devices

Imaging of Li Distribution in Li-ion Batteries by Particle-Induced Gamma-ray
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The use of nanorods in photovoltaic (PV) devices has many advantages when
compared with the bulk or the nanoparticles heterojunctions. Some of the
advantages can be the reduction of the losses in charge carrier transport to the
respective electrodes, and the possibility of tuning the band gap by variation of the
nanorod morphology to optimise the overlap between the absorption spectrum of the
cell and the solar emission spectrum.
For this work, CdTe nanorods, which act as the absorbing layer in PV cells, have
been fabricated by evaporation on glass substrates. The growth of the nanorods
(from few nm to 600 nm) takes place in a very narrow growth conditions and a
catalyst material such as bismuth may be needed [1].
The CdTe/glass structures were analysed at ITN-IST by means of IBA techniques
using a proton beam produced by the Van der Graff accelerator and by X-ray
diffraction. From the combination of RBS and the 2D compositional maps using the
microprobe, it has been observed that the nanorods are Te-rich (Fig.1).
Other catalyst-substrate covering combinations were also examined to fabricate
CdTe nanorods, such as PVA, NiCr or ZAO (Zn-Al-Ta-O) in order to improve their
quality (alignment, size).
V. Corregidor acknowledges the support from FCT-Ciência program.

Cd

Te

Fig. 1 - 2D compositional maps for Cd and Te (530 x 530 µm2)
[1] S. Neretina, R.A. Hughes, J.F. Britten, N.V. Sochinskii, J.S. Preston, P. Mascher,
Nanotechnology 18, 27 (2007) 275301
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The ion beam material analysis (IBMA), which has been developed for many years
by using ion accelerators, is a powerful tool for characterization of light atom
distribution in solids. For the development of advanced lithium ion batteries, precise
diagnostics of Li is required. This paper demonstrates that the micro-meter scale
distribution of Li in Li ion batteries can be measured by the proton microbeam. The
proton microbeam with the beam diameter of 1~1.5 µm at Takasaki Ion Accelerators
for Advanced Radiation Application (TIARA), JAEA has been used for imaging the Li
distribution by PIGE (Particle-Induced Gamma Ray Emission). The proton
microbeam has been scanned over a positive electrode of a Li-ion battery which
contains LixNi0.75Co0.15Al0.05Mg0.05O2 (x=1.05~0.5) micro particles, resulting in
imaging of the Li distribution with the spatial resolution of approximately 2 µm. In
particular, it has been found that the depth distributions of the Li atoms in the
electrode become non-uniform, when the battery is rapidly charged. This paper
clarifies that the IBMA is useful for characterizing the Li concentration in the Li-ion
batteries.
In conclusion, for demonstrating the Li concentration measurement in real Li-ion
batteries, measurements were made on the cross section of a positive electrode
which was disassembled from a Li-ion battery after rapid charging. As a result, we
found that the Li concentration distribution is non-uniform along the depth direction as
is expected from the Li diffusion velocity and the charging speed of the sample. The
above experimental results show that the IBMA is a powerful tool for the diagnostics
of the Li-ion batteries. This method can be applied to investigate the Li distribution of
various electrode materials and different battery structures under various charge and
discharge conditions. Those data are expected to be useful for the R&D of the
advanced Li-ion batteries.
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Time Evolution of the Proton Microbeam Transmission

IBIC Characteriztion of an Ion-Beam-Micromachined Multielectrode

Through an Insulating Microcapillary

Diamond Detector
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axis larger than the geometrical limit. This phenomenon is called charged particle
guiding. In the past few years, since the discovery of the guiding effect, a number of
experimental as well as theoretical works have been published on various insulating

In a recent paper [1], it was shown that scanning MeV ion microbeam can be used

foils like Polyethylene-Terephthalate (PET), silicon dioxide (SiO2) and aluminium oxide

for the direct writing of buried graphitic regions in monocrystalline diamond with

(Al2O3) nanocapillaries of aspect ratios around 100 using slow highly charged ions.

micrometric resolution. These highly damaged regions show a high conductivity, and

In this work, as a unique feature, we used the combination of single charged

can be used as buried electrodes, embedded in the high-quality diamond matrix, to

projectiles and single capillaries. We investigated the time dependent behaviour of a

detect ionizing radiation.

1 MeV proton microbeam passing through a polytetrafluoroethylene (Teflon) single

Aiming at the development and the characterization of a fully ion-beam-

microcapillary. A Faraday-cup placed behind the capillary exit has been used to

micromachined solid state ionization chamber, a device was fabricated in a suitable

measure the transmitted beam current as a function of time at different incident

custom geometry using a 2 MeV He+ ion microbeam scanning on a homoepitaxial, 50

currents and tilt angles. We have found significant transmissions after the charge-up

µm thick, detector grade CVD diamond sample. In order to evaluate the ionizing-

of the inner wall of the capillary.

radiation-detection performance of the device, charge collection efficiency

We have also analysed the energy distributions of the transmitted protons at different

(CCE) maps were extracted from IBIC experiments carried out by probing different

stages of the charge-up process. We identified three completely different regions in

arrangements of buried microelectrodes.

the transmission as a function of time. At first, at the beginning of the creation of the

The analysis of the CCE maps obtained using focused 4 MeV He and 2 MeV H ion

charge patch on the inner wall of the capillary, the energy spectra of the transmitted

beams, at different bias voltages and at different sensitive electrode configurations

protons contained only inelastic contributions. This is due to Coulomb scattering on

allowed for an exhaustive evaluation of the detector features, such as the electric

the inner wall atoms. Later the elastic peak also appears and becomes more and

field distribution, carrier drift lengths and the different role played by electrons and

more significant. Finally, in the third region, after the amount of deposited charge on

holes in the formation of the induced charge pulses. Finally, a comparison of the

the wall reached a dynamical equilibrium, stable guided transmission was obtained.

performances of the detector with buried graphitic electrodes with those relevant to

The dominant contribution in the energy distribution of the transmitted protons was

conventional metallic electrodes deposited onto the sample surface enabled to

the elastically scattered peak.

weight limits and opportunities up concerning the ion beam microfabrication method.
[1] P. Olivero et al. Nuclear Instruments and Methods in Physics Research B 269 (2011)
2340-2344
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Comparison of scCVD diamond and silicon SB detectors irradiated by low

Preliminary study of dye distribution in nanocrystalline TiO2 films for

energy protons
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Diamond is perceived to be an extremely radiation hard material [1], and therefore a
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potential alternative to silicon in high-radiation environments. Former reports
3

undoubtedly confirm radiation tolerance of CVD diamond for high energy particles [2],

CFNUL, Av. Prof. Gama Pinto, 2, 1649-003 Lisboa, Portugal

but very few data have been reported for MeV energy range ions. This work aims to
compare the resistance of single crystal CVD (scCVD) diamond and silicon surface

Titanium dioxide (TiO2) is a wide band gap (∼3.2 eV) n-type semiconductor that has

barrier (SB) detectors for low-energy protons from user’s point of view, i.e. to

been researched in many fields such as dye sensitized solar cell [1] and

estimate proton fluences which produce similar deterioration of these detectors.

photodetectors [2]. In these devices light is absorbed by a sensitizer which is

Transmission high purity scCVD diamond and silicon detectors, both 50µm thick,

anchored, usually through a carboxylic group, to the surface of a semiconductor

have been partially (50×50 µm2 area) irradiated with focused 4.5 MeV proton beam at

oxide film (TiO2, anatase). Nanocrystalline TiO2 film provides the pathway for the

Zagreb heavy ion microprobe facility, introducing almost homogeneous vacancy

injected electrons by the photoexcited dye molecule into the conduction band of the

production throughout the whole device. IBIC technique was used simultaneously to

film to the external circuit through the transparent conductor oxide (FTO).

monitor signal amplitude degradation online and to measure ion fluences. Irradiation

The dye molecules are adsorbed on the surface of nanocrystalline TiO2, whether

process was stopped when approximately 6% signal reduction was observed by

being mesoporous nanoparticles or 1D nanostructured films. Since the dye is

each detector. The effect of produced damage on charge collection efficiency (CCE)

responsible for the radiation absorption, higher surface area of the TiO2 film

has been furthermore investigated. 2 MeV focused proton beam was used as an IBIC

increases the amount of dye adsorbed which enhancing the photoresponse of the

probe for scCVD diamond detector while 1.3 MeV focused proton beam was used for

device.

silicon SB detector. CCE decrease and measured proton fluences are compared for

In order to study the dye distribution in films and to contribute to dye load evaluation,

both detectors. Results will be discussed.

controlling the dye adsorption and desorption, SEM/EDS and NMP (Rutherford
Backscattering Spectrometry (RBS), micro-Particle Induced X-ray Emission (micro-

[1] M. Franklin, et al., Nucl. Instr. and Meth. A 315 (1992) 39

PIXE)) techniques were used. The distribution analysis of the organometallic (N719)

[2] W. Adam, et al., Nucl. Instr. and Meth. A 476 (2002) 686

dye was done visualising its ruthenium distribution via X-ray mapping. RBS was used
to assess the ruthenium depth profile. This assessment can lead to a better
understanding of the device performance.
[1] A. Hagfeldt, G. Boschloo, L. Sum, H. Pettersson, Chem.Rev. 110 (2010) 6595.
[2] P. Parreira, E. Torres, C. Nunes, C. Nunes de Carvalho, G. Lavareda, A. Amaral, M.J.
Brites, Sensors and Actuators B 161 (2012) 901– 907
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Super resolution microscopy of ion induced repair foci in human HeLa cells

SeACell: Cell Recognition Software for a Single-Ion Hit Facility
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High LET micro irradiation of living cells using heavy ions generates a high amount of
DNA double strand breaks (DSB) in close vicinity to each other along the ion track.
Various repair proteins cluster to the damage sites, e.g. γH2AX and 53BP1, and form

An in-house software, SeACell has been developed to be used at the Lund Ion Beam

so called repair foci. Due to the fact that one focus covers more than one DSB, a fine

Analysis Facility (LIBAF) for cell irradiation experiments at the Single-Ion Hit Facility

structure within the focus can be expected. First indications for such a fine structure

[1,2]. SeACell allows the irradiation system to automatically recognize cells and

were found in wide field images of cells taken one hour after irradiation with 55 MeV

localize their position.

carbon ions by a 5 × 5 µm2 matrix performed at the ion microprobe SNAKE.
While a typical focus with a diameter of about 1 µm can be easily resolved using a
conventional fluorescence microscope, its substructures are expected to be smaller
than the diffraction limit of about 250 nm in conventional optical microscopy.

A new cell validation algorithm enabled SeACell to provide high efficiency for cellular
target localization without the use of cell staining dyes. In addition, a user-friendly
interface has been implemented containing a manual cell target selection, and an

Therefore, for analyzing foci fine structures systematically, we utilize super-resolution

enhancement filter and colour display applications, to improve the quality of the input

microscopy techniques like STED or localization microscopy which provide a lateral

image.

resolution of about 50 nm (fwhm).

Furthermore, the cell validation algorithm provides a dynamic cell targeting feature

Since also with these techniques the lateral resolution is better than the z-resolution

specially implemented for bystander studies allowing automatic selection of specific

we developed a new irradiation configuration, where the cells are no longer irradiated
matrix-wise, but at a small-angle to the image plane. Thus, the whole ion track
appears as a line within one layer of a 3D microscope image.

cells. The new interface makes SeACell more versatile and it has been proved to be
efficient as a cell counter for cell damage evaluation after alpha source irradiation [3].

Due to these improvements the super resolution images indicate clearly a fine

[1] N. Arteaga-Marrero, J. Pallon, M.G. Olsson, V. Auzelyte, M. Elfman, P. Kristiansson, K.

structure when e.g. 53BP1 is stained with two colors. For quantification the Pearson

Malmqvist, C. Nilsson, and M. Wegdén. Nucl. Instr. and Meth. B. 260 (2007) 91

correlation coefficient is calculated for a pixel wise shift of one color channel with

[2] E. J. C. Nilsson, H. Omling, J. Pallon, S. Rutardottir, M. Borysiuk, M. Elfman, P.

respect to the other (Van Steensel approach [1]). With this, it is clear that there is a

Kristiansson, N. Salim. To be presented at ICNMTA 2012

fine structure of a scale of about 200 nm. This becomes obvious by an extra

[3] M.G. Olsson, E.J.C. Nilsson, J. Paczesny, S. Rutardóttir, J. Pallon and B. Åkerström.

correlation peak of about 200 nm FWHM. Using the same Van Steensel approach

Radiation Res. 174 (2010) 590

with images, where one color marks 53BP1 and the other γH2AX, we show that there
is no correlation of the fine structure between 53BP1 and γH2AX on the 200 nm
scale. Thus, isolated DSB within a certain foci structure cannot be identified from
these microscopic data yet.
[1] B. van Steensel et al., Journal of Cell Science 109, 787-792 (1996)
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Targeted Cell Irradiation at SNAKE

The Surrey Vertical Beam Facility for Single Cell – Single Ion Irradiation

C. Siebenwirth1, G.A. Drexler2, S. Girst1, C. Greubel1, V. Hable1, S. Lindemaier2,

M.J. Merchant, J.C.G Jeynes, V. Palitsin, G.W. Grime, R.P. Webb, K.J Kirkby

J. Seel1, A.A. Friedl2, G. Dollinger1
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Institut für Angewandte Physik und Messtechnik, Universität der Bundeswehr München,
D-85579 Neubiberg, Germany

The Surrey Vertical Nanobeam (VNB) Facility has been operational since 2008 for

Department of Radiotherapy and Radiooncology, University of Munich, D-80336 Munich,

focused, targeted, single cell irradiation with single ions (H, He, Li, C, O, Cl) [1].

Germany

Continuous development of the VNB since then has improved the capabilities of the
facility. In this paper we report on progress in several novel areas of development

In order to study cell reactions when irradiating subcellular or even subnuclear

both in hardware and software developments and enabling new studies for several

structures in cell cultures we are developing high resolution targeted irradiation at the

biological endpoints for sub-micron beams.

ion microbeam SNAKE, installed at the Munich 14 MV tandem accelerator. The live

Recent commissioning of the electrostatic beam scanning system has greatly

cell setup at SNAKE [1] combines high-resolution optical microscopy with the

improved the achievable cell irradiation throughput for the VNB. This development

application of a sub micrometer sized ion irradiation facility. By growing cells on a
scintillator, online beam spot verification, its position calibration and the determination
of target coordinates are possible using the same optical light path through online
optical microscopy, reducing potential systematic errors. A program for controlling the
optical microscope and beam delivering system is developed with the option to

has also removed targeting problems associated with the accuracy of the mechanical
XYZ stage responsible for positioning the cell dish.
The use of raytracing simulations to aid lens alignment will be presented and how
this has improved targeting accuracy. Studies using single ion hits in CR-39 track

integrate the CellProfiler software [2] for modular automated target recognition in

etch will be presented.

future. The time between target definition and irradiation could be reduced to 1 min to

An exciting prospect for radiobiologists is the use of the VNB as a tool for

limit the influence of cell movement on targeting precision to 0.5 µm.

synchronized timelapse microscopy and irradiations (of both synchronous and

We measured targeting accuracy for 55 MeV carbon ions using nuclear track

asynchronous cells). We present work (and videos) on the hardware and software

detectors at the cell position as well as using scratch labeled cells and the response

necessary to achieve environmental control of the end-station cell dish enclosure,

of GFP-tagged MDC1 proteins. The distributions of hit positions relative to the target

which will ultimately allow the capability to sustain the cell dish in a hypoxic

show a systematic shift of 1.6 µm in maximum from sample to sample. In addition,

environment for prolonged durations.

the irradiated spots show a random distribution relative to the mean of about 2 µm
fwhm. Both values are still larger than the beam spot size being about 0.7 µm fwhm.
Analysis of error sources like nonlinear beam deflection or beam movement relative

[1] Merchant et al. (2012) A focused scanning vertical beam for single ion irradiation of cells,
Radiation Research, in press.

to target due to temperature changes is in progress. The presented performance
enables first targeted biological experiments at SNAKE e.g. to irradiate substructures
of the cell nuclei.
[1] V. Hable et al., Nucl. Instr. and Meth. B 267 (2009) 2090-2097
[2] www.cellprofiler.org
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Heavy-ion microbeam system for cell irradiation at Kyoto

On the Characterization of Meteorite Structure Using
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PIXE, RBS and Micro PIXE
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Charged-particle microbeams can be used to irradiate individual cells with micron
precision and with a precise number of charged particles. Heavy ions have peculiar

Proton induced x-ray emission (PIXE), Rutherford backscattering spectroscopy

biological effects on cells compare to other low LET radiation, due to their energy

(RBS) and micro-PIXE techniques were performed to characterize the elemental

localization along the track. Thus, an investigation of biological effects of heavy ion
near the Bragg peak becomes important. An 8-MV tandem Van de Graaff accelerator
at Kyoto University has been used for programs of heavy ion induced cellular
response, which

has been running from 2002 [1]. The collimation system was

content and structure of meteorite fragment from Paris museum. The chosen
meteorite, a CM chondrite type, belongs to the family of undifferentiated chondrites
which keep the memory of their primordial history.

developed based on the system of Columbia University [2]. The final collimator

The macro PIXE analysis revealed, as average, high concentration in Fe, Si, Mg, Ca

consisted of a pair of apertures. A copper-alloy aperture was added to the

and S, while RBS showed O of 58 at.% and C of 9 at.%, beside other elements.

downstream surface of the second aperture in order to reduce the effects of

However, the analyzed meteorite represents lot of heterogeneity due to different

secondary radiation. Here, we present the accomplishment with 42-MeV carbon ion

inclusions seen even at macro level. To specify these inclusions, analysis using

beam, which was extracted through the collimator to the atmosphere. Extracted ions
were detected by a Si detector. When the number of signals from the detector
exceeded a specified number, the beam was stopped by electrostatic beam deflector.
The effectiveness of beam collimation and the control system was confirmed by

micron and scanning capabilities of PIXE technique were indispensable. µPIXE
analysis was able to distinguish two types of crystals and an inclusion containing
molybdenum of less than 0.1%.

observing tracks in irradiated thin CR-39 track detector located at the sample position.
The pits were concentrated in the region of an approximately 8-µm in diameter. To
confirm whether the cells were hit by carbon ions, A549-pBOS-H2BGFP cells, which
stably expressing histone H2B and GFP in the nuclei were targeted and were immunostained against γ-H2AX, a marker for DNA double strand breaks.
[1] M. Nakamura, K. Imai, M. Hirose, H. Matsumoto, M. Tosaki, D. Ohsawa, and S. Makino,
Nucl. Instrum. Methods Phys. Res. B 269 (2011) 3153
[2] G. Randers-Pehrson, C.R. Geard, G. Johnson, C.D. Elliston and D.J. Brenner, Radat.
Res. 156 (2001) 210
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IBA analysis of Antibacterial Ag/SiO2 Thin Coatings
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Materials Science and Chemical Engineering Department, Politecnico di Torino, C.so Duca
degli Abruzzi 24 10129 Turin, Italy
3
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Institute, Zagreb 10002, Croatia

Silver nanocluster silica composite thin films have recently proven to be an effective
antibacterial material, with ability to inhibit polymicrobial colonization.
The radio frequency co-sputtering technique allows the deposition of Ag nanoparticles
embedded in a porous silica matrix on a wide range of materials, from polymers to
metals. Thanks to the possibility to deposit at low temperature, this technique can be
used for coatings to prevent the microbiological contamination of commonly used
devices and materials (e.g. telephones, refrigerators) as well as in medical implants or
on board of spacecraft and orbital stations in prolonged space exploration.
In order to assess the reliability of the deposition technique in relation with its
antimicrobial activity, several major issues have to be addressed; among them, there
are the measurement of the film stoichiometry, of the possible contamination of the thin
layer from the substrate and the evaluation of the suitability of the co-sputtering
technique for a conformal deposition of the Ag/Si layer in microstructures with non
planar geometries.
In this contribution, it is shown that spectro-microscopic IBA techniques can provide
valuable insights into both the issues. Silver nanocluster doped silica thin films (<300
nm thick) were deposited on TEM copper grids and on glass using different process
conditions and characterized with standard physico-chemical techniques (XPS, AFM,
FTIR). The film composition and elemental depth profiling was evaluated by ERD
technique using I ions of 20 MeV.
The conformal deposition of the layer on the TEM grid was studied by micro-PIXE
and micro-IL; furthermore, the former has provided a quantitative evaluation of the
uniformity of the composition of the film at the micrometer scale, whereas the
analysis of the IL spectra collected from different samples have highlighted the role
played by the Surface Plasmon Resonance (SPR) absorption of metal silver
nanoclusters on the natural luminescence of silica.
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Precise Center Definition and Field Characterization of

A Review of High Resolution Probe-Forming Systems for Nuclear Microprobe

Magnetic Quadruple Lenses

A.G. Ponomarev1, A.A. Ponomarova2
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Overcoming of spatial resolution limits of 100 nm for high current mode and 10 nm
To increase demagnification of scanning nuclear microprobes the separated probe-

for low current mode at now days is the challenge in nuclear microprobe technology.

forming systems are usually used where magnetic quadrupole lenses are placed on

One of the ways for solution of

a considerable distance from each other. If these lenses have high excitation then

systems with demagnifications about some thousands and moderate aberrations.

their alignment is crucial to obtain a focused beam of high quality on the target. In

This review is based on an analysis of three types of probe-forming systems for

this case the beam passing not along the physical axis of the magnetic quadrupole

conventional design of nuclear microprobe: classical multiplets of magnetic

lens refracts in the lens field and deviates of the axis at some angle. This deviation

quadrupole lenses, in which all lenses have a compact allocation near target;

causes a considerable displacement of the beam out of axis on the large drift space.

separated multiplets, where lenses are separated from each other on some distance;

Beam inlet to the field region of the next lens at an angle and at a large distance of

and multiplets with individual power supplies. The immersion probe forming system

the axis leads to a considerable increase in aberrations action. A value of this

[1] for nuclear microprobe of new design is also discussed. All systems are analyzed

deviation depends on the lens excitation and changes in focusing process that

by an acceptance value reduced to the spot dimensions and Q-factor defined by

causes additional difficulties. Thus, while testing the magnetic quadrupole lenses it is

Ryan and Jamieson. The results of analysis show that considered probe-forming

necessary to determine both multipole structure of the field and spatial position of the

systems have upper limit of demagnifications D ≈ 400…500. For systems with

optical axis.

greater demagnifications the acceptance are catastrophically decreased. This is

A setup to investigate fields of magnetic quadrupole lenses was designed and

explained that the object collimator has dimensions comparable with aperture and

constructed for purpose of exact alignment. It allows a spatial position of an axis and

therefore assists in beam divergence limitation for decreasing of aberration action.

a multipole structure of the field of a lens or lenses under study to be determined.

For systems with demagnifications more than this upper limit the use of aberration

Research technique is based on the measurements of a radial component of the

corrector is discussed. In the work some difficulties in practical realization of high

magnetic induction vector using Hall probe in the points located on the three

resolution probe-forming systems and the ways of its overcoming are considered.

dimensional surface with further data processing using the Laplace equation. The

[1] I.G. Ignat’ev, D.V. Magilin, V.I. Miroshnichenko et al. Nucl. Instr. and Meth. B 231 (2005)

design and performance characteristics of the setup and results on the accuracy

94.

determination of the center and parasitic multipole components measurements of the
magnetic quadrupole lenses are presented.
Determination accuracy of the axis position is <5 µm, of the parasitic to the main
quadrupole component is 10 % for sextupole and 20 % for octupole. Minimum lens
aperture diameter is 11 mm.
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The data acquisition and beam control system at the microbeam facility in IMP

Beam-line Control and Labview FPGA Based Multi-channel data collection

G. Du, J. Guo, R. Wu

System for the Nuclear Microprobe: Microdaq
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Institute of Modern Physics, CAS, Lanzhou, China

1

To perform scanning transmission ion microscopy (STIM) and mapping of single

2

CSIRO, Normanby Road, Clayton VIC, Australia

Centre of Excellence in Ore Deposits (CODES), University of Tasmania, Hobart, Australia
3

event effects in the microanalysis of electronic devices, we developed a data

School of Physics, University of Melbourne, Melbourne VIC, Australia

acquisition and beam control system at the high energy heavy ion microbeam facility
in the Institute of Modern Physics, CAS. The control system is composed of a PXI

We report on the recent upgrade of the CSIRO beamline at the University of

system from National Instrument, including a PXI-8108 controller, a PXI-6115

Melbourne involving both the development of a Field Programmable Gate Array

multifunction DAQ card, a PXI-6528 digital I/O module and a PXI-5153 digitizer.

(FPGA) based data collection system for the Nuclear Microprobe (NMP) interlinked

Together with the home made Cell Exposure and Nuclear Application (CENA)

with new XYZ stage, object and divergence slit control. The Labview based data

software, the system implements beam scanning, single ion hitting, ion counting,

collection system caters for numerous detector signals including standard NIM ADC

energy spectrum measurement and event mapping. This work introduces the

based data as well as quasi-hyperspectral ionoluminescence data with full dead-time

hardware configuration and software design of the data acquisition and beam control

correction and per pixel charge normalisation. Shape scanning for Proton Beam

system.

Writing (PBW) is also available although at present unexplored. At the core of the
system is a National Instruments PXI chassis with a real-time controller as well as
numerous modules including a RIO FPGA, a DAQ card for general non-deterministic
acquisitions including beam steering and a multiplexer/relay module for controlling
assorted devices such as pneumatics associated with the object and divergence
monitors etc. Arcus technology stepper motors and drivers are used for controlling
both object slits, four divergence slits as well as the XYZ target stage. A Labview
controlled Femto current amplifier multiplexed to each divergence slit monitors beam
centering on the ion optical axis. The entire system is tightly interlinked to allow long
term PIXE experiments some of which have lasted up to 3-4 days. The system is
discussed and illustrated on numerous geologically relevant sections.
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Scaling method of cyclotron to quickly change high-energy heavy ion beams

Optimizing the Rutherford Backscattering Spectrometry setup

with LETs in a wide range to be formed to microbeams

in a nuclear microprobe
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2

1

M. Fukuda , W. Yokota

Institute for Experimental Physics II, Univ. of Leipzig, Linnéstr. 5, 04103 Leipzig, Germany

1

Japan Atomic Energy Agency, 1233 Watanuki-machi, Takasaki, Gunma 370-1292, Japan
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The JAEA AVF cyclotron provides high-quality heavy ion beams with the linearenergy-transfers (LETs) in a wide range to be formed to microbeams utilized in the
field of biotechnology and materials science. Two types of microbeam formation
system using a micro aperture and focusing lenses are installed on the two different
vertical beam lines of the cyclotron, respectively [1,2]. Heavy ions of helium, carbon,
neon and argon are frequently used in these systems. The average beam time for an
experiment using the former system is usually less than 3 hours, that is the time for
cyclotron tuning, which determines the efficiency of the facility. In order to reduce the
tuning time, cocktail beam acceleration technique was developed for quick change of
the ion species and the energy [3]. This technique allows us to change the ion
species having almost the same mass to charge ratio (M/Q) with much less tuning
processes than the normal changing, but cannot be applied to changing the entire ion
species used for the microbeam irradiation. In this work, a scaling method has been
introduced to change the ion species having various M/Qs in a short-time. The
principle of scaling method is keeping the magnetic rigidity of ion beams the same,
and this requirement is achieved easily by adjusting an extraction voltage of an ion
source proportional to the difference of M/Q in the beam injection line. Although
some adjustments of the cyclotron other than a magnetic field strength are required,
the tuning can be completed in 15 minutes, and basically no change is required in the
beam transport downstream of the cyclotron. After usual tuning of a 220 MeV 12C5+,
the most popular ions in microbeam, a 255 MeV 20Ne7+ a 335 MeV 20Ne8+ and a
440 MeV

，

40

Ar13+ beams were extracted from the cyclotron in sequence using the

scaling method. A 510 MeV
255 MeV

Rutherford Backscattering Spectrometry (RBS) is a non-destructive method that
allows the quantification of film thicknesses and elemental concentrations in
materials. For this purpose, a good mass separation and detection efficiency is
needed. In nuclear microprobes with their relatively small beam currents a good
detection efficiency requires a solid angle of the order of 100 msr. Since the energy
of the backscattered ions depends on the scattering angle, they cover a certain
energy range. This geometrical straggling cannot be neglected anymore for large
solid angles.
In order to obtain the best mass separation under the experimental constraints of a
nuclear microprobe, the kinematic factor, backscattering cross section and energy
distribution due to geometrical straggling were calculated for circular RBS detectors
at different positions, i.e. backscattering and solid angle, for different projectile and
target masses as well as projectile energies. Furthermore, a dedicated in-vacuum
preamplifier based on an Amptek A250 was optimized with respect to energy
resolution. The whole setup was designed in a single casing with small lateral
dimensions and constructed using SMD-technology.
The results show that annular detectors are the best way to do RBS with high mass
resolution and good detection efficiency, especially for target elements with low
atomic number. An energy resolution of around 14 keV could be achieved for a 274
mm2 annular PIPS detector mounted under 180° backscattering angle covering 84
msr. Under these conditions the geometrical straggling is negligible. The new system
(see image below) incorporates a secondary electron suppression and a system to
measure the dead time of the detector setup.

20

7+

Ne

40

Ar14+ is inevitably available as a cocktail beam of the

with M/Q of 2.86. We are ready to provide heavy ion microbeams

with LETs ranging from around 100 to 1280 keV/µm in water.
[1] T. Kamiya et al., Nucl. Inst. Meth. B269 (2011) 2184.
[2] T. Funayama et al., J. Radiat. Res. 49 (2008) 71.
[3] S. Kurashima et al., Nucl. Inst. Meth. B267 (2009) 2024.
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An external micro beam system at Fudan University

A performance evaluation of a new thin PIN silicon transmission detector to be

Y. Zheng, H. Shen, Y. Li , X. Li, M. Yang, Y. Mi

used in cell irradiation experiments
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Shanghai 200433, PR China

Division of Nuclear Physics, Dept. of Physics, Lund University, Box 118,
SE-221 00 Lund, Sweden

An external beam system is set up based on the Oxford Microbeams facility installed
at 3 MV tandem accelerator in Fudan University. Comparing to the vacuum chamber,

This paper describes the performance evaluation of ultra thin silicon detectors for

Si (Li) detector, RBS detector and the microscope remain the same, only STIM

optimal detection of the passage of 2.5 MeV protons. During the experiment, the pre-

detector and the target holder are removed. An aluminum cylinder with a removable

cell

lid is equipped to introduce focused ion beam in air. The aperture on the lid is made

configuration[1,2]that is the ultimate purpose of the present detector which to be use

cone-shape in the vacuum side and is glued with exit window in the air side. 7.5-µm-

it in biological cell irradiation experiments [3]. More than 100 thin detectors having

detector

was

used

together

with

a

stop

detector

in

a

telescope

thick Kapton film is used as exit window with a diameter of 3.5 mm. The Exit window

thicknesses ranging from 5 to 25µm and with different active areas were fabricated in

is set to just overlap at the focal plane of in-vacuum experiment. Sample holder is

the Lund Nano-lab facility in a cooperation between with the divisions of Nuclear

fixed to the cylinder by screws to make the sample cling to the exit window during the

physics and Electrical measurements at the Faculty of Engineering, LTH / Lund

measurements to avoid beam spreading in the air. The spatial resolution is about 18

University.

µm FWHM on a copper grid. As an example, calcium distribution in otolith is present

A very low full depletion voltage less than 1V, a leakage current lower than 5nA and a

by external micro-PIXE. The limits of our external system are also discussed.

FWHM of 39.5keV was obtained when tested with 5.487MeV alpha particles [4].The
new detector features high hit detection efficiency and it has a very low noise signal
when detecting 2.5MeV protons. Data was collected in event-by-event mode from both
the thin detector and the stop detector during scanning of the focused proton beam.
From the data, 2D images were created relating the spectral response of the thin
detector to the proton passage position of the active area. Thus it was possible to e.g.
exclude events where protons had passed near the detector edges [1].
[1] E.J.C. Nilsson, J. Pallon, G. Thungström, N. Arteaga Marrero, M. Elfman, P. Kristiansson,
Ch. Nilsson and M. Wegdén,Nucl. Instr. and Meth., B 266 (2008) 4808–4815
[2] G. Thungström, L. Westerberg, R. Spohr and C.S. Petersson, Nucl. Instr. and Meth. A
546 (2005) 312
[3] E.J.C. Nilsson, J. Pallon , G. Thungström , N. Arteaga ,V. Auzelyte , M. Elfman , P.
Kristiansson, Ch. Nilsson, M.Wegden, Nucl. Instr. and Meth. ,B 249 (2006) 924–927
[4]N. Salim and J. Pallon, to be submitted to SORMA 2012 Symposium, California, USA
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Measurement of Hydrogen isotopes, D/H-ratio for geological purposes

A Versatile FPGA Acquisition System for the Evolving Nuclear Microprobe
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Knowledge of the isotopic composition of hydrogen in different water reservoirs on

The nuclear microprobe at Ruđer Bošković Institute is constantly evolving with new

Earth is of great interest in geology, since it can give important information about the

projects and experiments which bring new requirements on the acquisition system.

behaviour and mass transport of hydrogen during evolution of Earth [1]. A

The previously presented[1] concept of a FPGA data acquisition system based on a

quantitative technique for determining the D/H-ratio in geological samples is currently

Virtex 4 development board was expanded on for use in new applications such as

under development at Lund Ion Beam Analysis Facility (LIBAF). This technique is

fast multi stop time to digital converters for MeV SIMS and as a system controller for

based on an elastic recoil technique, where both the scattered projectile and the

use with analogue ADCs. However, due to the lack of modularity, the original concept

recoiled particle are detected in coincidence, which earlier has been shown to work

has significant limitations as the only interchangeable component in this system was

for hydrogen analysis in geological samples [2,3]. With the use of a new double sided

the processing algorithm inside the FPGA.

silicon strip detector (DSSSD), which can provide better angular information between

To circumvent this limitation, development was started on a new FPGA based

the scattered and the recoiled particle [4], is it possible to perform simultaneous

acquisition system with increased modularity where the ADCs, processing algorithms

measurements of both the proton-proton, and the proton-deuteron scattering

and

reactions. We will present results from measurements on both a deuterated

methodology was adopted to allow for easier and quicker adaptation of the

polyethylene standard and measurements on geological samples. We will also

acquisition system to new experiments and increase the overall systems

present a comparison between these results and results where the deuterium content

upgradability while decreasing the cost of upgrades. By allowing for the acquisition

is determined by deuteron-deuteron scattering.

system to evolve and adapt to new requirements, significant improvements of the

[1] D.R. Bell and P.D. Ihinger, Geochimica et Cosmochimica Acta, Vol. 64, 12, (2000) 2109-

nuclear microprobe capabilities can be expected.

PC

communication

protocol can

be

interchanged.

This

development

2118

[1] M. Bogovac, M. Jakšić, D. Wegrzynek, A. Markowicz, Digital pulse processor for ion

[2] M. Wegdén, P. Kristiansson, Z. Pastuovic, H. Skogby, V. Auzelyte, M. Elfman, K.

beam microprobe imaging, Nucl. Instr. and Meth. B 267 (2009) 2073-2076

Malmqvist, C. Nilsson, J. Pallon and A. Shariff, Nucl. Instr. Meth. B219-220 (2004) 550-554
[3] M. Wegdén, P. Kristiansson, H. Skogby, V. Auzelyte, M. Elfman, K.G. Malmqvist, C.
Nilsson, J. Pallon and A. Shariff, Nucl. Instr. Meth. B231 (2005) 524-529
[4] M. Borysiuk et.al. To be presented at ICNMTA 2012
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WinTRAX: a raytracing software package for the design of multipole

A compact beam focusing and steering element using quadrupoles with

focusing systems

independently excited poles

G.W. Grime
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The software package TRAX was a simulation tool for modelling the path of charged

Beam steering elements for accelerator beam transport are conventionally and

particles through linear cylindrical multipole fields described by analytical expressions

conveniently incorporated into beamlines by fitting magnetic dipole elements around

and was a development of the earlier OXRAY program [1]. In a recent comparison of

the vacuum tube of the line. Two steerers in each plane (X and Y) together with a

raytracing software packages [2], TRAX/OXRAY was compared with Geant4 and

quadrupole doublet constitute a module providing full control of the direction, position

other programs and was found to give close agreement with the more modern codes.

and focus of the beam. In some installations however, there may be insufficient

TRAX was a text-based program which was only available for operation in a now rare

space on the beamline to mount separate steerer elements. To provide steering

VMS workstation environment, so a new program, WinTRAX has been developed for

capabilities in such a situation we have used a magnetic quadrupole doublet with the

the Windows operating system. This implements the same basic computing strategy

coils of each pole independently excited to synthesise the desired combination of

as TRAX, and key sections of the code are direct translations from Fortran to C++,

quadrupole, horizontal dipole and vertical dipole fields. This paper describes the

but the Windows environment is exploited to make a simple informative graphical

quadrupole steerer and its multichannel power supply and presents calculated

user interface which simplifies many operations including system definition and

magnetic field distributions together with raytracing simulation of its performance.

storage, optimisation, beam simulation (including with misaligned elements) and
aberration coefficient determination. This paper describes the program and presents
comparisons with other software and real installations.
[1] G.W. Grime and F.Watt, beam Optics of Quadrupole Probe-Forming Systems, Adam
Hilger Ltd. Bristol, 1983.
[2] S. Incerti et al., Nucl. Instr. and Meths. B 231 (2005) 76-85
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New gas detector setup for on-axis STIM tomography experiments

Computation of Dose Point Kernels within the Geant4-DNA framework
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A gas flow ionization chamber for use with on-axis scanning transmission ion

10

microscopy tomography (STIM-T) has been developed. The entrance window is

Ecoanalytica, 119899 Moscow, Russia

Instituto de Física Gleb Wataghin, Universidade Estadual de Campinas, SP, Brazil
Université Saint Joseph, Science Faculty, Department of Physics, Beirut, Lebanon

composed of a square silicon nitride membrane with a thickness of 100 nm and area
of 1 mm2. The use of this type of window combined with low noise electronics shows

Modelling the radio-induced effects in biological medium requires accurate physics

good enough energy resolution in the detection of MeV H and He particles used in

models to describe in detail the main physical interactions induced by all charged

STIM experiments, allowing to take full advantage of the insensitivity of these

particles (secondary as well as primary electrons). These interactions include

+

+

detectors to radiation damage. Its ability to withstand direct beam hit makes it
suitable

for

on-axis

STIM

geometry,

clearly

outperforming

the

more

standard/conventional use of Si diodes, without significant loss of resolution. The
present in-line design allows easy mounting of the gas detector to the existing target
chamber and provides an easy way of replacing the nitride membrane in case it

ionization and excitation processes as well as elastic scattering, this latter being the
most important process in the low-energy regime. To check the accuracy of
theoretical models developed and recently implemented into the Geant4 toolkit used
for electron tracking in liquid water, the simulation of electron Dose Point Kernels
remains the preferential test. In this work, normalized radial profiles of deposited
energy at a distance from emissions point sources are computed in liquid water by

brakes while operating. The developed gas ionization chamber has proven to be

using the very low energy “Geant4-DNA” physics processes available in the Geant4

ideal for on-axis STIM due its radiation hardness, speed and good energy resolution.

toolkit [1]. We here report an extensive comparison with profiles obtained by a large

The 3D analysis of a calibration specimen is presented.

selection of existing and well-documented Monte-Carlo codes, namely, EGSnrc [2],
PENELOPE [3], CPA100 [4] and the recently published EPOTRAN code [5].
[1] S. Incerti et al., Med. Phys., 37 (2010) 4692-4708.
[2] E. Mainegra-Hing, D.W.O. Rogers, I. Kawrakow, Med. Phys., 32 (2005) 685-699.
[3] S. Salvat, J.M. Fernandez-Varea and J. Sempau, OECD ISBN 92-64-02301-1 (2006).
[4] M. Terrissol and A. Baudre, Radiat. Prot. Dosim., 31 (1990) 175.
[5] C. Champion, C. Le Loirec and B. Stosic, Int. J. Radiat. Biol., 88 (2012) 54-61.
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Energy deposition in small-scale targets of liquid water using the very low

Use of Micro-PIXE for Studies of Modifications on Fish Liver

energy electromagnetic physics processes of the Geant4 toolkit
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Fish liver is the primary organ related to the biotransformation of organic

Université Saint Joseph, Science Faculty, Department of Physics, Beirut, Lebanon
5
6

contaminants and metals. It is sensitive to contaminants and can accumulate them in

Ecoanalytica, Moscow, Russia

relatively higher levels than the environment and other organs [1], thus being

Istituto Nazionale di Fisica Nucleare, sez. di Genova, Genova, Italy

susceptible to multiple injuries. This injuries are histopathologically characterized as
modifications of the cellular structure of the tissue and are usually accompanied by

In the perspective of building an open source simulation platform dedicated to the
modelling of early biological molecular damages due to ionizing radiation at the DNA
scale, the general-purpose Geant4 Monte Carlo simulation toolkit has been extended
with specific very low energy electromagnetic physics processes for liquid water

pigmented cells called melanomacrophage centers [2,3]. While these structural
modifications are invisible to micro-PIXE due to metal concentration, the
melanomacrophage centers are distinguishable by this technique. Therefore, these
structures were the focus of the present study. For quantitative analysis, broad PIXE
measurements were carried out.

medium [1]. These processes - also called “Geant4-DNA” processes - can simulate

Micro-PIXE results show that there is a higher concentration of Fe, P, K, Ti, Cr, Ni,

the physical interactions induced by electrons, hydrogen and helium atoms of

Cu and Zn in melanomacrophage centers. On healthy tissue, the concentration of

different charge states. The present work reports on the energy deposit distributions

these elements is homogeneous. In cases where the histopathological study showed

obtained for incident electrons, protons and alpha particles in nanometre-size

injuries without melanomacrophage centers, the micro-PIXE analysis showed much

volumes comparable to those present in the genetic material of mammalian cells.
The frequency distributions of the energy deposition obtained for three particular
geometrical models of nanometre-size cylindrical targets are found to be in

smaller clusters with higher concentrations of these elements, suggesting the
presence

of

melanomacrophage

centers

too

small

to

be

detected

by

histopathological studies. Broad PIXE results showed that the concentration of Si, Cl,
K, Ti, Fe and Cu are directly related to the presence of melanomacrophage centers.

reasonable agreement with prior work [2-4]. Furthermore, we will also present a

Moreover, it could be observed that the concentration of Cr, Mn and Ni is directly

recently developed combination of the Geant4-DNA processes with a simplified

related to the injuries but not to melanomacrophage centers.

geometrical model of a cellular nucleus allowing then the evaluation of the energy

[1] D. W. T. Au, Mar. Pollut. Bull., v. 48 (2004) 817-834

deposits in volumes of biological interest.

[2] Leknes I.L., Melano-macrophage centres and endocytic cells in kidney and spleen of
pearl gouramy and platyfish (Anabantidae, Poeciliidae: Teleostei). Acta histochemica, 109,

[1] S. Incerti et al., Int. J. Model. Simul. Sci. Comput., 1 (2010) 157-178.

2007, 164

[2] H. Nikjoo et al., Phys. Med. Biol., 34 (1989) 691-705.

[3] Saunders H. L., Oko A. L., Scott A. N., Fan C. W., Margor B. G., The cellular context of

[3] H. Nikjoo et al., Int. J. Rad. Biol., 60 (1991) 739-756.

AID expressing cells in fish lymphoid tissues. Developmental and Comparative Immunology,

[4] F. A. Cucinotta et al., Rad. Res., 153 (2000) 459-468.

34, 2010, 669
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Horizontal Water-Immersion Microscopy for the Bio-Endstation

Micro-PIXE of thin plant tissue samples in frozen hydrated state: the first

of the GSI Microprobe

results at JSI nuclear microprobe
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The GSI heavy-ion microprobe configured with its radiobiology endstation has long
been used to target single ions into sub-nuclear compartments in cultures of living
cells [1]. The typical use of the endstation optical microscope in these studies is to
locate the targets in the culture and the beam position on a scintillator, respectively.
The recording of high-resolution optical micrographs for analyses of temporal and
spatial changes in the targeted regions of the chromatin has been performed in
cultures fixed at different time-points after irradiation (temporal resolution of a few
minutes) using antibody staining and offline confocal microscopes (spatial resolution
at the Abbe limit of high-power oil immersion objectives). For targeting purposes as
well as for lower-resolution in-situ microscopy as reported in [2], long-working
distance, dry objectives with numerical apertures (NA) around 0.6 provide sufficient
resolution. Effects as reported in [1] that take place on a scale smaller than 3 µm and
within minutes profit from the highest possible spatial and temporal resolution. Aiming
to resolve such damage-induced chromatin changes directly after ion irradiation in
the in-situ microscope, we integrated a high-NA water-immersion objective (Nikon
CFI Apochromat LWD 40x WI Lambda S, NA 1.15) into our horizontal microbeam.
Since the immersion water is held in between the objective front lens and the cell
dish cover slip only by surface tension, the immersion film has to be replenished
continuously. For that purpose,miniature PVC tubing is mounted on the objective.
Excess water is removed from the lowest point of the cover slip through suction.
The spatial resolution of this setup is shown to be well below 400 nm for green light
using sub-resolution sized fluorescent beads. Absolute ion targeting accuracy of
about 700 nm is unaffected. The new optical setup allows us to gain access to !msized changes in the chromatin that occur seconds after ion irradiation.

Department of Biology, University of Ljubljana, Večna pot 111, Ljubljana, Slovenia
3

Lotrič d.o.o, Selca 163, SI-4227 Selca, Slovenia

In the last year we completed a construction of a cryostat at JSI nuclear microprobe
in order to analyze various types of biological samples in frozen hydrated state using
micro-PIXE/STIM/RBS. Sample load-lock system was added to our existing setup to
be able to quickly insert a sample holder with frozen hydrated tissue samples onto a
cold goniometer head cooled with liquid nitrogen inside the measuring chamber.
Frozen hydrated plant samples are mounted between two thin silicon nitride foils and
then attached to the sample holder. Sufficient thermal contact between silicon nitride
foils and sample holder must be achieved, as well as between the sample holder and
the cold goniometer head inside the measuring chamber. Matrix composition of
frozen hydrated tissue is consisted mostly of ice. Thinning of the sample is inspected
by the measurements with RBS and STIM method simultaneously with micro-PIXE
as well as water evaporation during high vacuum and proton beam exposure.
For first measuring attempts a standard micro-PIXE configuration for tissue mapping
was used with proton beam cross section of 1.2 x1.2 µm2 and a beam current of 100
pA. The temperature of the sample holder was kept below 130 K through entire
duration of proton beam exposure. First measurements of thin plant tissue samples
in frozen hydrated state show minute sample degradation during the 10 hour period
of micro-PIXE measurements.

[1] Jakob, B. et al. DNA double-strand breaks in heterochromatin elicit fast repair protein
recruitment, histone H2AX phosphorylation and relocation to euchromatin. Nucleic Acids
Research, 39, (2011), 6489
[2] Du, G. et al. The Absence of an Early Calcium Response to Heavy-Ion Radiation in
Mammalian Cells. Radiation Research, 170, (2008), 316
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On the distribution of Na, Mg and Cl in halophyte plants grown

Quantitative assay of elemental mass inventories in single cell biological

in coastal areas and dry deserts

systems with micro-PIXE
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Diverse biochemical, morphological and physiological adaptations enable plants to
survive in extreme saline environments where osmotic and ionic stresses are limiting
factors for growth and development [1]. Micro-PIXE with its quantitative mapping
ability [2] provides insight in the mechanisms of salt tolerance and detoxification in
the plant tissue.
Distribution patterns of Na, Mg and Cl in the leaves of the halophytes, eg. plants
accumulating extraordinary high levels of these elements, reflect the underlying
mechanism(s) of salt tolerance. Elemental mapping of Spartina maritima (Curt.) Fern.
(Poaceae) and Atriplex portulacoides L. (Chenopodiaceae) leaves grown in the close
proximity to the Adriatic sea salt waters, positive correlations between Na, Mg and Cl
were observed in the leaves. On the other hand, the elemental distributions within the
leaves of annual halophyte Bassia indica (Wight) A. J. Scott (Chenopodiaceae),
adapted to the high salinity and dry growth conditions of the Negev desert [3],
negative correlations between Na and Cl distributions were observed. In particular,
hotspots of high Cl accumulations were seen in vascular bundles, where also high P,
S and Fe concentrations were found.
With increasing danger of soil salinization worldwide, the possibility to reliably
complement spatial distribution of Na, Mg and Cl with plants structural morphology
can contribute significantly to our understanding of plant tolerance mechanisms on
the tissue, organ and cellular levels. This kind of research is of particular value for
designing plants with high salinity tolerance.
[1] E. A. Bray, Trends Plant Sci. 2 (1997), 48.
[2] K. Vogel-Mikuš et al., Plant, Cell and Environ. 31 (2008), 1484.
[3] O. Shelef et al., Plant Biosystems 144 (2010), 471.

Quantification of micro-PIXE elemental maps is enabled by auxiliary information on
the sample composition from RBS and STIM. In general, the observed elemental
distributions in single cells or tissues are non-uniform. The distributions reflect the
size of incorporated particles, dispersion of elements in physiology fluids and the
interaction with specific proteins or extracellular matrix. In such cases, local object
structure may be taken into consideration by the information obtained by RBS and
STIM to determine local elemental concentrations [1].
Alternatively, thin sample approximation may be used for micro-PIXE data evaluation
in the cases, where elemental concentrations are not of major concern, and the total
mass inventory in particular compartment is of research interest. In this approach, Xray absorption in the sample is neglected in order to obtain mass estimation of
particular element in the selected area. Resulting elemental sensitivity amounts
impressive 10-12g of selected elements (one picogram).
Two such cases are presented as the examples. In the first, we determine a mass of
gold nanoparticles internalized by human monocyte-derived dendritic cells [2]. In the
second, we estimate an elemental mass inventory of microparticles in the lorica of
microzooplankton species Tintinnopsis radix [3].
[1] A. Carmona, G. Deves, R. Ortega, Quantitative micro-analysis of metal ions in subcellular
compartments of cultured dopaminergic cells by combination of three ion beam techniques,
Anal.Bioanal.Chem. 390 (2008), 1585-1594.
[2] R. Rudolf, B. Friederich, S. Stopić, I. Anžel, S. Tomić, M. Čolić, Cytotoxicity of gold
nanoparticles prepared by ultrasonic spray pyrolisis, J. Biomater.Appl. 26 (2012), 595-612.
[3] S. Fonda-Umani, A. Beran, Seasonal variations in the dynamics of microbial plankton
communities: first estimates from experiments in the Gulf of Trieste, Northern Adriatic Sea,
Mar. Ecol. Prog. Ser. 247, (2003) 1–16.
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Strontium Analysis of Carious Human Tooth around a Fluoride-containing

Ion Beam Analysis of Ground Coffee and Roasted Coffee Beans

Material using by µ-PIGE/PIXE System
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Coffee is one of the most popular and consumed beverages worldwide. For practical
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reasons, most consumers buy it in the form of packed ground coffee, which is ready
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for brewing. However, some people claim that buying roasted coffee beans and

2
3
4
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grinding them right before brewing leads to a better better beverage richer in flavour
and scent. It has been suggested that one of the reasons for this difference might be

Strontium, which was including into fluoride-containing materials (FCMs), was known

related to the non-selectivity of the raw material used by manufacturers during

to be a great benefit for preventing dental caries. To estimate caries preventive effect

roasting and grinding procedures which includes not only beans but leaves and

of FCMs, we investigated strontium uptake in artificial carious lesion around FCM.

twigs. The aim of this work is to perform a full elemental analysis of ground coffee

The pH-cycling (pH7.0-pH4.5) was carried out for 5 weeks to prepare artificial carious

and roasted coffee beans. To that end, a popular Brazilian brand of coffee which

tooth using an automatic pH-cycling system [1]. After pH-cycling, strontium

sells both packed ground coffee and roasted coffee beans was chosen. The roasted

distribution of the outer lesion in each specimen was evaluated by means of µ-

coffee beans were ground with a pestle and mortar. Ground coffee was then

PIGE/PIXE system at TIARA [2].

homogenized and pressed into pellets. The samples were analyzed by PIXE

From the results of this study, strontium from material into the outer lesion of both

(Particle-Induced X-ray Emission). Light elements like C, O and N were measured

enamel and dentin were detected. The amount of strontium in the lesion of enamel

through RBS (Rutherford Backscattering Spectrometry) experiments.

was higher than that of dentin on carious lesion. On the other hand, for the strontium

check the elemental distribution in the roasted coffee beans, micro-PIXE experiments

uptake into the intact tooth adjacent to the material, the amount of strontium in

were carried out as well. The beans were cut in different positions and elemental

enamel was indicated lower value compared with that in dentin. It can be speculated

maps were obtained in several spots. In general, the elements found in coffee

that there was a difference in strontium uptake between tooth structures; however,

powder were Mg, Al, Si, P, S, Cl, K, Ca, Ti, Mn, Fe, Cu, Zn and Rb. Potassium was

the number of measured specimens was limited in each group. Strontium analysis

the element with the highest concentration, while Ti and Zn constitute trace elements.

will be useful to understand strontium benefit for preventing caries. We will discuss

The elemental maps reveal that elements like P and K are correlated, while Fe

the problem with the analysis.

appears in particular clusters in different structures.

[1] Y. Matsuda et al., Dent. Mater. J. 24 (2006) 280.
[2] H. Komatsu et al., Nucl. Instr. Meth. B 267 (2009) 2136
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Trace elemental profiles in teeth of sperm whales from Azores

PIXE and RBS analysis of serum specimens of rats fed with tea extracts to
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Antioxidants, generally referred to as reductants, are elements or compounds that

4
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easily donate an electron to become “oxidized”, while oxidizing agents readily accept
these electrons [1]. An antioxidant is thus a molecule capable of slowing or

Studies of large cetaceans are complex and rare due to inaccessibility and wide

preventing the oxidation of other molecules [2]. Rooibos (Aspalathus linearis), a

movement ranges limiting the information about life cycle, pollutant exposure and

unique South African plant from which herbal tea is prepared, and various other tea

metabolism. Mature male sperm whales are thought to incur in migrations between

extracts are known to be caffeine-free, have an abundance of antioxidants

foraging grounds at high latitudes and breeding grounds at lower latitudes but the

(flavonoids) and to contain several trace elements, those elements in parts per

frequency of these migrations are unknown. Variation in trace element exposure

million quantities, such as Ca, K, Mg, Fe, Zn, Na, Co, Mn, and F, to maintain general

during migration may provide insight into this aspect of sperm whale life history.

good health. These trace elements are essentials to biochemical processes of

Cetacean teeth grow through life from deposition of dentine and cementum in layers
allowing chronological dating. Accumulation of trace elements in growing layers
tends to reflect dietary and alterations on environmental conditions.
Micro-PIXE mapping was used to determine trace element variations with growth in
one male sperm whale (Physeter macrocephalus) of approximately 28 years

metabolism and are toxic when present in excess. Over the past decades, it has
been shown that critical diseases such as heart disease, cancer, and diabetes,
associated with free radical generation and low endogenous antioxidant capacity
lead to oxidative stress and cell injury.
The aim this study is to evaluate whether feeding male wistar rats with antioxidants
and trace elements contained in Rooibos extract will have an effect on the absorption

stranded in Azores, Portugal. Alterations of Fe, Zn and Sr concentrations were

of trace elements.

observed in the teeth regions corresponding to the last five years of the whale life.

Ten weeks old wistar male rats will be divided into five groups: Group 0 was the

Those concentrations and ratios between elements were examined as a proxy of

control group that was fed with standard rat chow. group A with water and rats chow

whale pathway, reflecting responses to biological factors (e.g. feeding and breeding)

given; group B with fermented Rooibos and rats chow given; group C with

and environmental changes. The use a microprobe technique provides relevant

unfermented Rooibos and group D fed with green tea and rats chow given. Trace

information on environmental exposure to contaminants, life history and migration

elements concentrations were determined with PIXE [3] and RBS [4] after initial
treatment.

behaviour of this marine mammal.

[1] Atkins, P. W. (1996) The Elements of Physical Chemistry (2nd ed.), London, Oxford
University Press
[2] Vertuani et. al. (2004). Curr Pharmaceut Res., vol. 10(14), pp. 1677-1694
[3] Ryan et. al. (1995) NIMB, vol. 104, pp. 157-165
[4] Mayer (1999) Am. Inst. Phys. Conf. Proc., vol. 475, pp. 541-544
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Application of PIXE and RBS to quantify the removal of Ni and Pd from polluted

Evaluation of the effects of Kolaviron (Garcinia kola) on the elemental

waters using skins of cocoa (Theobroma cacao) and sweet potatoe (Ipomoea

metabolism in the rat liver and kidney using PIXE, RBS and SEM

batatas)
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Poor or no antioxidant activity has been implicated in the aetiology of various

7535, South Africa

pathologies. Since antioxidants are mostly derived from natural resources, the search
for medicinal plants, that can either cure or alleviate ailments, has been phenomenal

The industrial sector is one of the most dynamic sectors of the economy and is of

over the past decades. One plant, Garcinia kola, the oil of which is termed kolaviron,

cardinal importance in economic development and poverty alleviation. Furthermore,

has been identified to have possible antioxidant activity [1]. Trace elements such as

economies with low levels of industrialisation are gradually shifting dependence from
agriculture to the industrial sector, while developed economies, with a high level of
industrialisation, are shifting from the industrial to the service sector [1]. Amongst the
various industrial sectors, a substantial portion of effluents containing heavy metals

Fe, Mn, Cu, Zn and Se, form an integral part in antioxidant activity, especially in
organ metabolism. In this study organ (liverand kidney) metabolism of major Such as
C, O, N, S, and trace elements is investigated. The kolaviron was dissolved in corn

are generated by electroplating (nickel, lead, zinc and copper), tanneries (chrome)

oil. Two groups (control and experimental) of Wistar rats were selected. The animals

and other chemical industries.

were housed in accordance with the WHO animal regulations. Both groups had ad

Many engineering processes have been designed to remove the heavy metals from

libitum access to standard rat chow and potable tap water. The control group was

the polluted parts of the ecosystem. These processes are however highly capital

fed, by gavage, with 200 microlitre of the solution of kolaviron in corn oil once per day

intensive. To establish a less costly means of removal of heavy metal pollution, the
dried skins of cocoa (Theobroma cacao) and sweet potatoe (Ipomoea batatas) were
pulverized and used in the absorption of the heavy metals Ni and Pb. After

for a period of 4 weeks. After this period the animals were sacrificed by
intraperitoneal

injection

of pentobarbitone. The organs were excised and

adsorption by the metals, the powders were dried and then pressed into tablets.

homogenised into smaller parts which were freeze-dried -80°C. The freeze-dried

For quantification of the elemental adsorption, PIXE, using the GeoPIXE

organ was then pulverized and press into a palette. Concentrations of trace elements

computational software, is a versatile multi-element analytical technique, and has

were determined with proton-induced X-ray emission (PIXE). PIXE was selected

minimum detection limits down to concentration ranges as low as 0.1 parts per million

since with this technique concentrations down to minimum detection limits (MDLs) of

[2, 3]. To determine the composition of the major elements such as C, O and N,

parts per million (ppm) can be determined. A beam of 3 MeV protons was used for

Backscattering Spectrometry, using SimNRA software, [4] was used.
In this study we report on the economic viability of using the skins of cocoa and
sweet potato in the removal of Ni and Pd from polluted waters.

bombardment and a Be filter of 125 micrometer thickness for absorption.
Backscattering spectrometry (BS) was used to determine the matrix composition.

[1] Carter et. al. (1993) World Bank Discussion Papers # 224.

PIXE and BS measurements were determined simultaneously. Scanning electron

[2] Ryan et. al. (1995) NIMB, vol. 104, pp. 157-165.

microscopy was used both as complementary and supplementary to PIXE and BS.

[3] Guambe et. al. (2012), NIMB, vol. 273, pp. 171-172.

Statistical tests of p < 0.5 were considered significant.

[4] Mayer (1999) Am. Inst. Phys. Conf. Proc., vol. 475, pp. 541-544.

[1] Ogada & Braide (2009) Nig. J. Physio. Sci., vol. 24(1-2), pp. 53-57
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Proton beam writing at the nuclear microprobe in the Shanghai Institute

Design and focussed proton beam fabrication of transmission optical gratings

of Applied Physics

of quasi-sinusoidal profile in glass
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Proton Beam Writing (PBW) is a direct-writing technique that uses a highly focused
MeV proton beam to pattern structures in a suitable resist material at micro- or nano-

Successful realization of fine transmission optical gratings of high diffraction

dimensions. Great progress has been made in the field in the last few years. Here we

efficiency in glass via irradiation with MeV-energy He+ and N+ ions through thick

reported PBW works at the scanning proton microprobe (SPM) of the Shanghai

photoresist mask was reported in 2001 [1]. Since the development of proton beam

Institute of Applied Physics, Chinese Academy of Sciences (SINAP, CAS). An image

writing, proton microbeams have been extensively used for producing gratings and

scanning system was developed for PBW at the SPM of SINAP, CAS. Experiments

other microoptical elements in organic and inorganic optical materials [2]. The aim of

about spin-coating resist layer were carried out. The outline of Haibao, the logo of

the research reported here was to imitate interferometrically produced optical

2010 Shanghai Expo, and a double-rectangular micro-structure were fabricated on

gratings by producing quasi-sinusoidal refractive index profiles making use of the

the positive resist layers. The parallel lines and a crisscross micro-structure were

lateral straggling of the microbeam and by modulating irradiation fluence across the

fabricated on the negative resist layers.

grating lines.
The PBW irradiations took place at the Atomki nuclear microprobe facility. The 2 MeV
proton beam spot size was 2 µm, the scan size was 2 mm, and the scan resolution
was 2048 pixels. Considering that the spot size was determined as the FWHM of the
beam distribution, we still had enough overlaps between neighbouring pixels that the
fluence deposition changed smoothly along the scan. In order to achieve the
sinusoidal profile we have scanned the beam at various pixels multiple times.
Profiles of the gratings were quantitatively analysed by interference- and interference
phase contrast microscopies. Measured diffraction efficiency distributions in the
various orders confirmed that obtained grating profiles were close to the sinusoidal.
[1] I. Bányász, M. Fried, Cs. Dücső and Z.Vértesy, “Recording of transmission phase
gratings in glass by ion implantation”, Appl. Phys. Lett. 79 (2001) 3755.
[2] A.A. Bettiol, C.N.B. Udalagama, E.J. Teo, J.A. van Kan, F. Watt, “Embedded photonic
structures fabricated in photosensitive glass using proton beam writing”, Nucl. Instr. and
Meth. B 260 (2007) 357.
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PDMS compaction by heavy ions

Greyscale Proton Beam writing in p-type GaAs
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As a continuation of our previous study [1], we have performed irradiations of
poly(dimethylsiloxane) (PDMS) samples by focused beam of MeV heavy ions. The
irradiations took place at INP ASCR at Řež on the ion microbeam line at the 3MV
Tandetron accelerator. The accelerator provided carbon and oxygen beams, in order
to be able to focus them by the Oxford-type nuclear microprobe we chose the C4+
and O5+ charge states. This way the beam focus was about 1 µm and the scan size
was 1 mm. To achieve different degrees of compaction, each structure was irradiated
with a few different fluences.
After the irradiations we investigated the changes of the surface topography, the
degree of compaction/shrinkage and its relation to the irradiation fluence and the
structure spacing in PDMS. At the irradiated areas the surface topography, the

Proton Beam Writing (PBW) is a well known method for micromachining, e.g. of
semiconductors. Up to now, only few indication is given on how the resulting
structure height in micromachined semiconductors can be controlled by means of
fluence variation [1,2,3]. This approach for 3D-microstructuring, called Greyscale
PBW, was successfully demonstrated for negative photoresists [4]. In this study,
(100) p-type Gallium Arsenide (GaAs) was irradiated with 2.25 MeV protons and
fluences in the range from 1.5×1014 cm-2 to 2.4×1017 cm-2 at the ion beam lab
LIPSION and subsequently electrochemically etched with 10%-KOH in order to
establish the dependency of structure height on ion fluence. In this way, pyramid-like
structures as well as concave-shaped structures could be created (see images).
Furthermore, self-supporting structures were produced by undercutting. GaAs showed
a lateral anisotropic etch behaviour during the development step. On some structures
the surface roughness and net dopant concentration were investigated by atomic force
and scanning capacitance microscopy, respectively. The rms roughness was 5.4 nm
and 10.6 nm for a fluence of 7.8×1015 cm-2 and 1.2×1017 cm-2, respectively.

adhesion, the wettability and the rigidity of the surface also changed due to the
chemical/structural change of the basic polymer. The surface topography was
characterized by atomic force microscopy (AFM).
[1] S.Z. Szilasi, et al, Compaction of poly(dimethylsiloxane)(PDMS) due to proton beam
irradiation. Applied Surface Science 257 (2011) 4612.

[1] M.B.H. Breese, F.J.T. Champeaux, E.J. Teo, A.A. Bettiol, and D.J. Blackwood, Phys.
Rev. B 73 (2006) 035428
[2] E.J. Teo, E.P. Tavernier, M.B.H. Breese, A.A. Bettiol, F. Watt, M.H. Liu, and D.J.
Blackwood, Nucl. Instr. and Meth. B 222 (2004) 513–517
[3] M. Schulte-Borchers, U. Vetter, T. Koppe, and H. Hofsäss, J. Micromech. and Microeng.
22 (2012) 025011
[4] F. Menzel, D. Spemann, T. Koal and T. Butz, Nucl. Instr. and Meth. B 269 (2011) 2427–
2430
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Fabrication of Micro-prominences on PTFE Surface using Proton Beam Writing

Optical channel waveguides in Nd:YCOB crystal produced
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Polytetrafluoroethylene (PTFE) (-CF2-)n is used in various industrial applications
because of its desirable physical and chemical properties. Because PTFE is
chemically inert under most conditions, a few suitable microfabrication techniques
are available and these processes are all etching from the top-surface. Since few
glues are effective, any piece cannot attach to the surfaces. In this study, we
fabricated an independent microstructure on the original PTFE surface only using 3
MeV proton microbeam.
A 3 MeV proton microbeam irradiation was performed at TIARA, JAEA. The proton
beam had a diameter of 1 µm on the PTFE surface and the beam current was 200
pA. The scan rate was used between 20 µm/s and 1mm/s. The thickness of PTFE
sheets were between 50 µm and 500 µm. The surfaces were observed with scanning
electron microscopy (SEM).
Figure 1 shows SEM images of PTFE
surfaces after spiral scanning from the center
of the circle 50 µm in diameter. The thickness
of the sample was 500 µm and the scan rate
was 40 µm/s. A circular cone around 250 µm
high was formed. Figure 1(b) and 1(c) show
the cross sections of the top and bottom of
the cone, respectively. These images indicate
that the cone had porous structure. The
formation was caused by both temperature
elevation and gas generation of the inner of
the samples during irradiation. The details of
the mechanism will be discussed.

Neodymium doped yttrium calcium oxyborate (Nd:YCa4O(BO3)3 or Nd:YCOB) is an
excellent self-frequency-doubling crystal with combination of photoluminescence
features of the Nd3+ ions and the nonlinear properties of YCOB matrix, which makes
it very promising for laser diode directly pumped visible lasers [1]. Proton Beam
Writing (PBW) is an advanced technique to inscribe three dimensional (3D)
structures in diverse materials, and in recent years PBW has also shown its
advantages for optical waveguide fabrication in optical crystals [2]. In this work,
buried Nd:YCOB channel waveguides were fabricted by 2 MeV PBW at fluences of of
1×1015, 2×1015, 5×1015, and 1×1016 cm-2, respectively. The guided propeties were
experimentally investigated by using end-face coupling optical system at 632.8 nm.
Fig. 1 shows the modal profile (TM00) of Nd:YCOB channel waveguide produced by
PBW at 2×1015 cm-2.

Fig.1 - The measured near-field intensity profile at 632.8nm from waveguide produced at
fluence of 2×1015 cm-2.

Fig. 1(a) SEM image of PTFE surface after
spiral scanning from the center of the circle 50
mm in diameter. (b), (c) SEM images of the
cross sections of the top and bottom of the cone,
respectively.

Our results show that the PBW may be an efficient method to realize waveguide
lasers in Nd:YCOB crystals.
[1] Q. Ye, L. Shah, J. Eichenholz, D. Hammons, R. Peale, M. Richardson, A. Chin, and B. H.
T. Chai, Opt. Commun., 164 (1999) 33.
[2] Y. C. Yao, Y. Tan, N. N. Dong, F. Chen, A. Bettiol, Opt. Express 18 (2010) 24516.
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Commodity Plastics Micromachining by Proton Beam Writing and Fabrication

Fluence dependent 3D structure formation for MEMS in III-V semiconductors
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and photo resists is an increasingly important method to achieve high resolution
structures with high aspect ratios for micromechanical, micro-electromechanical and

Proton Beam Writing (PBW) is a direct-write technique for producing high-aspect-

microfluidic devices [1].

ratio micro- and nano-structures in resist material [1]. This technique is a promising

Varying the proton fluence during irradiation may lead to 3D structuring of

method for micromachining of commodity plastics such as acrylic resin. In this paper,

semiconductors such as GaAs, InAs and InP through alteration of the current flow in

we introduce fabrication of microscopic devices made of a relatively thick (~75 µm)

the irradiated areas in the subsequent electrochemical etching process [2], thus

acrylic sheet. Microscopic photograph of the device is shown in fig.1. The piece size

allowing for the creation of 3D structures without changing the beam energy or

of jigsaw puzzle is 50 µm × 50 µm. The demonstration is made at Takasaki

constituents.

Advanced Radiation Research Institute, JAEA [2]. A line&space test-chart for spatial

In this work we will present recent advances in the creation of 3D structures by

resolution measurement on neutron radiography is also successfully created.

fluence dependent PWB with a focus on p-GaAs

In the presentation, we will describe the details.

applications such as high frequency devices and others, together with self-written

and discuss possible MEMS

finite element simulations of mechanical and electrical properties of such structures
in insulating semiconductors.
[1] J.A. van Kan, A.A. Bettiol, and F. Watt, Appl. Phys. Lett. 83 (2003) 1629
[2] M. Schulte-Borchers, T. Koppe, U. Vetter, H. Hofsäss, J. Micromech. Microeng., 22
(2012)025011.

Fig. 1 Microscopic photograph of a fabricated fine jigsaw puzzle.
[1] S.V. Springham, T. Osipowicz, J.L. Sanchez, L.H. Gan, F. Watt, Nucl. Instrum. Meth. B,
130 (1997), p. 155.
[2] N. Uchiya, Y. Furuta, H. Nishikawa, T. Watanabe, J. Haga, T. Satoh, M. Oikawa, Y. Ishii,
T. Kamiya, Microsyst Technol, Vol.14 (2008) 1537.
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Proton beam writing of three-dimensional microcavities

Lithographic fabrication of soda-lime glass based microfluidics
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Optical microcavities exhibit high quality factors that result from a high degree of
confinement of optical fields within the cavity. The high quality factor feature makes

Glass is an important material for chemical processing and analysis because of its

these cavities suitable for various applications such as optical sensors, add-drop

relatively low cost, mechanical strength, chemical inertness, optical transparency,

filters, modulators, lasers, optical buffers etc. Low threshold lasing is easy to achieve

and electrical insulation and temperature resistance far beyond that of most

in these kinds of cavities but the lasers made out of these circular cavities have the

polymeric materials. We have investigated techniques for direct writing with MeV ions

radial symmetry that makes the laser emission non-directional. By using a spiral

[1] on soda-lime glass as well as capping procedures to form closed buried channels

shaped cavity with extended waveguide design, most of the laser output is confined

suitable for high-pressure driven flow. Exposure and development of open-channel

in the waveguide which results in the laser emission being directional rather than

structures was studied using a combination of programmable proximity aperture

omni-directional as is the case for a circular cavity. In our previous work, Proton

lithography and different developers.

Beam Writing (PBW) was used to fabricate a laser with a threshold of less than

Unlike our previous work on MeV ion beam lithography of natural silica [2] where an

7 µJ/mm for a planar micro spiral cavity with extended waveguide design using 1%

8% w/v of HF in aqueous solution was used as a developer, it was found that an

Rhodamine B doped SU8 [1].

addition of 0.5% w/v of HCl to the developer was necessary, presumably to dissolve

PBW is a high resolution lithographic technique capable of producing three-

oxide residues that were insoluble in HF solution.

dimensional high aspect-ratio micro/nano structures. The structures fabricated in

Different capping and bonding procedures to create closed channels that are strong

polymer using PBW show smooth and vertical sidewalls. In case of optical devices

enough to withstand high hydrostatic pressure have also been tested. It was found

this smooth sidewall nature can reduce the scattering loss, so PBW is an ideal

that capping to create a closed channel could be achieved after thorough cleaning.

candidate for the fabrication of optical microcavities. In the present work PBW is used

This was followed by activation for 30 min. in NH4OH solution at 50 ºC, drying on a

to fabricate three-dimensional microcavities using two different proton energies to

hot plate and bonded under uniaxial pressure in a furnace ramped up and down at

realize a suspended microcavity using a support from the substrate. This three-

1 ºC/min to 575 ºC. Other methods using HF lead to poor bonding due to oxide

dimensional laser cavity can further reduce the laser threshold since the cavity has

precipitation.

both an upper and lower air-cladding which improves the optical confinement when

[1] N. Puttaraksa, S. Gorelick, T. Sajavaara, M. Laitinen, S. Singkarat, and H. J. Whitlow, J.

compared to the planar cavity. Three-dimensional microcavity design, simulations,

Vac. Sci. Tech. B 26(2008)1732

fabrication and the optical characterization results will be discussed.

[2] N. Puttaraksa, M. Napari, O. Chienthavorn, R. Norarat, T. Sajavaara. M. Laitinen, S.

2

[1] Sudheer Kumar Vanga, Shuvan Prashant Turaga, Ee Jin Teo and Andrew Bettiol, Proc.
SPIE 8249, 824918 (2012).
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Singkarat, H.J.Whitlow, Adv. Mat. Res. 254 (2011) pp 132- 135,
doi:10.4028/www.scientific.net/AMR.254.132
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Development of software and procedures for programmable proximity

Flexible optical components of silicone fabricated by proton beam writing

lithography
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In recent years, there has been strong demand for 3D micro fabrication techniques
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for optical components in integrated circuits and packaging technology. Also,
flexibility is an issue to achieve high-density packaging.

Programmable proximity aperture lithography (PPAL) [1,2] with MeV ions has been

Proton beam writing (PBW) is a promising technique for 3D micro-fabrication by

used in Jyväskylä and Chiang Mai for a number of years. Here we describe a number

direct writing using a focused beam of MeV protons. It is useful for the fabrication of

of innovations and procedures have been incorporated into the LabView-based

high aspect-ratio micro-structures and prototyping of device and it is applicability to a

software.

wide range of materials has been reported [1].

The basic operation involves the coordination the beam blanker and five motor-

In this study, we report fabrication of flexible micro-optical components such as lens

actuated positioners with high accuracy, close to the minimum step size and with
proper anti-collision algorithms. By using special approaches, such writing calibration
patterns, linearizing position and careful backlash correction the absolute accuracy of
the size of the aperture and position, can be improved beyond the standard afforded
by the repeatability of the positioner end-point switches. Another area of

arrays and waveguides by PBW on polydimethylsiloxane (PDMS). We have
previously reported that the PDMS is a negative resist for PBW and spherical
structures can be formed by the modulation of PB fluence [2]. We study optical
properties of the PDMS micro-optical components using this technique and evaluate

consideration has been in fluence control procedures [3]. These involve control of the

the performance of the fabricated optical components.

uniformity of the beam where different approaches such as measuring aperture

[1] F. Watt, Mark B. H. Breese, A. A. Bettiol, and J. A. van Kan, “Proton beam writing”,

current and the straight-through current using a Faraday cup.

Materials Today 10, 20-29 (2007).

Microfluidic patterns may contain many elements that make-make up mixing

[2] R. Tsuchiya and H. Nishikawa, “Fabrication of silica-based three-dimensional structures

sections, reaction chambers, separation columns and fluid reservoirs. To facilitate

by changing fluence using proton beam writing”, Trans. Mat. Res. Soc. of Japan, 36, 325-328

conception and planning we have implemented a .svg file interpreter, that allows

(2011).

standard drawing software (e.g. Inkscape and Autocad) to be used to generate
patterns made up of rectangular pattern elements.
[1] S. Gorelick, T. Ylimäki, T. Sajavaara, M. Laitinen, A. Sagari A.R., H. J. Whitlow, Nucl.
Instrum. Meth B 260 (2007) 77.
[2] N. Puttaraksa, S. Gorelick, T. Sajavaara, M. Laitinen, S. Singkarat, and H. J. Whitlow, J.
Vac. Sci. Tech. B 26(2008)1732.
[3] N. Puttaraksa, M. W. Rhodes, T. Kamwanna, U. Tippawan, C. Thongleurm, W.
Ginamoon, H. J. Whitlow, S. Singkarat , Thai Physics Journal (Serie 4, 2009)
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The use of nanostructured stencil masks for MeV ion beam lithography allows
parallel irradiation of large pattern areas of the order of mm2 in a single exposure with
micrometre feature sizes. Using a mask in the form of an Au pattern on a silicon
nitride window allows patterning with ions with energies up to several MeV. The
masks have proven to be very robust under irradiation in non-contact conditions
using a range of different ions. Furthermore, the gap between mask and substrate
implies the technique can be used for patterning of non-planar substrates or in roll-toroll film processing. Here we report on lithographic patterning of various materials
such as coated metals, polymers and silicon that have been characterised by atomic
force microscopy (AFM) and scanning electron microscopy (SEM). In particular,
patterning of fluoropolymers [1,2](Fig. 1 and 2) demonstrates the capability of
producing dry-etched micrometer scale structures with high aspect ratios. The
structures have been studied by scanning electron microscopy (SEM) and by atomic
force microscopy (AFM).

Fig. 1 - SEM Image of PTFE irradiated through a

Fig. 2 - Example of an AFM profile of a PTFE

stencil mask - 600 keV oxygen beam.

pattern.

[1] R. K. Dhilloa, S. Singha and R. Kumar, Nucl. Instr. and Meth. B, 268 (2010) 2189-2192.
[2] S. Brun, G. Guibert, C. Meunier, E. Guibert, H. Keppner, S. Mikhailov, Nucl. Instr. and
Meth. B, 269 (2011) 2422-2426.
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Investigation of the Panel Painting St Anne with the Virgin Mary and the Child

Study of Hispano-Moresque tiles from the Monastery of Santa Clara-a-Velha in

Jesus Using Several Analytical and Imaging Methods

Coimbra, Portugal, using µ-PIXE
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This contribution deals with investigation of the St Anne with the Virgin Mary and the
Child Jesus - the panel painting dating back to the beginning of the 16th century. Its

4

Instituto Tecnológico e Nuclear, Instituto Superior Técnico, Universidade Técnica de Lisboa,
Estrada Nacional 10, 2686-953 Sacavém, Portugal

origin is attributed to the works of the Master of the Litomerice Altarpiece, who was
5

the most important painter in the time period of the Jagiellonian dynasty in Bohemia

CFNUL, Univ. de Lisboa, Av. Prof. Gama Pinto 2, 1649-003 Lisboa, Portugal

(historical term for a part of the Czech Republic). At present, the painting is deposited
in the collections of the National Gallery in Prague. The aims of this research were to
collect systematically enough data for correct interpretations of the used materials,
compare the results with the technique of the Master of the Litomerice Altarpiece,
and prove his authorship this way.

An impressive collection of Hispano-Moresque ceramic tiles was discovered during
the archaeological excavations in the Monastery of Santa Clara-a-Velha, in Coimbra,
Portugal. These tiles are dated from the end of the 15th century or the beginning of
the 16th century and are usually classified as imports from Seville, Spain. As part of a

Within the analyses of material compositions, the emphasis

broader study which aims to characterise and differentiate several collections of

was put on nondestructive and noninvasive methods like X-

Hispano-Moresque tiles in Portugal, the collection from Santa Clara-a-Velha is being

ray fluorescence microanalysis that was performed with a

studied regarding the chemical composition of the glazes and ceramic pastes, as well

newly constructed device with a lateral resolution of 20 µm.

as decorative patterns and respective colours.
Micro beam Particle Induced X-ray Emission (µ-PIXE) has been an essential tool in

Further applied methods were X-ray radiography, Infrared
Reflectography, photographic documentation in visible and

this study, yielding information on the chemical composition in correlation with the

ultraviolet ligh, Scanning Electron Microscope-Energy

morphology of the ceramic tiles. These were analysed both in polished cross-

Dispersive Spectroscopy, Infrared microspectroscopy with

sections and on the surface of the glaze. The quantification analysis of the glazes

Fourier transformation and microscopic analysis.

allows for accessing the recipe used for each colour, thus leading to a better
understanding of the production techniques. It was possible to identify Na, Mg, Al, Si,
K, Ca and Pb in the glaze composition of all the colours. Glazes show a very high

Photograph of the painting

lead oxide content (about 50 wt.% PbO). Elemental mapping was used to study the
morphology of the glazes and the variation in the chemical composition of the
ceramic pastes. The elemental distribution on the surface of the analysed glazes is
generally very homogeneous, the exception being Sn in opaque colours (blue and
white).
µ-PIXE analysis was complemented with µ-EDXRF for comparison purposes.
Observations through optical microscopy were also performed.
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PIXE analysis of Persian miniature used in 16th century poetry manuscript
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In Persian culture, precious poetry manuscripts used to be decorated by miniature
paintings and illuminations to visualize the story of the poem to the reader. To reveal

CHARISMA (Cultural Heritage Advanced Research Infrastructures: Synergy for a

the technical features of this art and also to conserve and restore such artefacts,

Multidisciplinary Approach to Conservation / Restoration) is an EU-funded integrating

precise analysis of applied materials in the paintigs and illuminations is necessary [1].

activity project carried out in the FP7 Capacities Specific Programme "Research

Since IBA techniques are non-destructive, fast, sensitive and multi-elemental, they

Infrastructures". It started in 2009 and will end in 2013.

are well-suited for analysis of objects and monuments of culturo-historical value.

The

The miniature paintings of the Joseph and Zulaikha poetry manuscript -now

instrumentations and knowledge allowing scientists, conservators and curators to

preserved in the Institute for Iranian Contemporary Historical Studies (IICHS) with

enhance their research at the field forefront. Access to these facilities is offered free

registration number of 1259- are subject of this study. The 56-page masterpiece
th

2

created in 16 century, includes 4 full-page miniature paintings in 200×300 mm . To
collect the required information for preservation and restoration of the masterpiece,
the applied pigments of the miniature paintings as well as the employed ink and
paper were analysed by external PIXE.

project

provides

transnational

access

(TNA)

to

advanced

scientific

of charge to users working in the EC Member and Associated States, and granted
on the basis of project proposals which are reviewed and evaluated through a Peer
Review selection.
Until now fifteen projects have been carried out within the CHARISMA TNA service in
ATOMKI-HAS. The guest researchers arrived from Belgium, Bulgaria, Finland,
Germany, Greece and Romania. The investigated artefacts included, among other

The external PIXE analysis was carried out using the facilities of Van de Graff Lab in

things, nephrite axes and chisels from the Neolithic era, bronze and copper objects

Tehran. To analyze the details of interest in the sample, a proton beam of about

as well as gem stones (joint access project with the Budapest Neutron Centre) from

1 mm diameter was irradiated to 22 points of the artwork. To accelerate the process

the Bronze Age, antique pottery, decorative metal objects from the Middle Ages and

of analyzing the points of interest, an x-y stage which is linked to our programmable

forest glass. In all cases major, minor and trace elements were quantified. In most of

data acquisition system, precisely moves the sample support and exposes the points

the cases the use of the ion microprobe was indispensable due to the heterogeneity

of interest to the analyzing probe. The X-ray spectra were collected by a Si(Li) X-ray

and microstructure of the samples.

detector placed at a scattering angle of 135° and 20 mm from the beam-target

For more information please visit:

intersection. In this setup the beam charge is indirectly measured through the Ar Kα

http://www.charismaproject.eu

X-ray yield originated from radiation of in-air Argon by protons in the beam path. The

http://iba.atomki.hu/charisma/index.html

elemental composition of different pigments used in the miniature paintings as well

The

as that of the applied ink and paper in the masterpiece are reported.

Community's FP7 Research Infrastructures programme under the CHARISMA

[1] O. Kakuee, V. Fathollahi, P. Oliaiy, M. Lamehi-Rachti, R. Taheri, H.A. Jafarian, Nucl.

Project (Grant Agreement 228330).

Instr. and Meth., B 273 (2012) 178–181
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An X-ray tomograph used in the study of ancient ceramics objects
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Geological Information on Transylvanian Gold Using
micro-PIXE and micro-SR-XRF
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X-ray Computed Tomography (CT) is a non-destructive examination technique used

3CRRMF, CNRS UMR 171, Palais du Louvre, Paris CEDEX 01, France

to visualize details on the internal structure of a large class of objects. This

4Institute for Synchrotron Radiation, KIT, D-76344, Eggenstein-Leopoldshafen, Germany

2

2Universita di Padova, and INFN, LNL, I-35020 Legnaro (Padova), Italy

technique, applied allready in a various domains, such as medicine, industry,
material science and archaeometry, helps the analyst to obtain information on
object’s 3-D geometries and properties.
A specially designed X-ray computed tomographic device has been developed at
“Horia Hulubei” National Institute for Nuclear Physics and Engineering, with the
purpose of performing imaging studies of cultural heritage artifacts made out of low-Z
materials (ceramics, clay, bone, wood) [1]. This CT device contains a 160 kV X-ray
tube, a sample positioning system and a Varian PaxScan flat panel detector. Using
this home-made CT device and the corresponding reconstruction algorithms, small
archaeological objects (20×20×20 cm3) made out of light materials can be imaged
with a spatial resolution around 300 µm.
The communication will present the results of the studies performed with this CT
device on ceramics archeological objects dating from the Neolithic. The objecs
belong to different collections and deposits of Romanian museums and with the help
of the X-ray tomograph, the internal structure of the investigated objects was put in
evidence. Thus, in the case of some ceramics objects, cracks or fissures in their
structure were observed – information potentially useful for conservation/restoration
purposes. For some composite artifacts – e.g. statuettes representing Fertility
Goddesses - the analysis of the obtained tomographic images provided some hints
about the manufacturing process.
[1] F. Constantin, C. Pavel, R.Bugoi, M.Toderas, Nuclear Instruments and Methods in
Physics Research A 621 685-689.
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Very small samples (hundreds of microns) of native gold from Rosia Montana
(Apuseni Mts) and from Cavnic (Baia-Mare district) were scanned by micro-PIXE and
micro-SR-XRF to obtain information on electrum structure - values of ratio Ag/(Au +
Ag) and on presence of Au and Ag minerals (Te and Sb compounds) – many as
micro-inclusions. Rosia Montana is one of the oldest and most interesting gold
deposit with both veins and stockworks. Cavnic deposit is located in the eastern part
of the Carpathian belt, one of Europe’s major metallogenic provinces. Analyzed
samples are from recovery obtained by inhabitants from landfills of former mining
plants. For Rosia Montana, using micro-PIXE method at LNL AN2000 accelerator we
detected micronic areas (5µm X 5µm) rich in Ag and Sb and without Au, Sb/Ag ratio
being 1/5-6, indicating the presence of stephanite - Ag5SbS4. For Cavnic-Roata
samples, to investigate Au and Ag minerals, we used micro-PIXE at AGLAE Louvre
Accelerator and micro-SR-XRF at ANKA ISS Synchrotron. We analyzed areas of
approx. 50 microns diameter. The study was focused on Sb and Te presence and on
the variation of Ag/(Au+Ag) ratio which characterize electrum’s metallogeny. The
ratio varies from 0.221 to 0.395 - average value of 0.27, with big differences from
point to point illustrating electrum’s inhomogeneities. Ratio values are significantly
lower than those given for neighbour mines Cavnic-Boldut 0.47-0.53, but
approaching over Nistru data - 0.25 or rather Herja - 0.36. An interpretation in terms
of electrum metallogeny is discussed. One micro-area revealed an important
presence of Te (16657 ppm), a significant presence of Sb (2861 ppm) and an
increase of Ag content (Ag=32.75% versus Au =50.05%), indicating the presence of
a Ag telluride containing also Sb. The high As content (6.64%) could indicate
benleonardite - Ag8(Sb,As)Te2S3 highlighted in Kremnica, Slovakia. We can not
exclude the presence of a krennerite - (Au, Ag)Te2 enriched in Sb. A comparison with
a micro-mineralogical study using a SEM (Scanning Electron Microscope) associated
with EDX (Energy-dispersive X-ray spectroscopy) facility is presented.
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A statistical study on the elemental composition of gold Koson type coins

Study of fossilized eggshells from the Late Jurassic dinosaur clutch of Porto
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das Barcas (Lourinhã Formation, Portugal)
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A statistical analysis was performed for the elemental composition (Au,Ag,Cu

Centro de Física Nuclear da UL, Av. Prof. Gama Pinto 2, 1649-003 Lisboa, Portugal
3

concentrations) of a hoard of 143 Koson coins (37 with monogram and 106 without
5
6

spectrometer (X-Met 3000 TX+, Oxford instruments).
Taking the whole set of data as a single statistic, it was not possible to obtain

Museu da Lourinhã, Rua João Luís de Moura, 2530-157 Lourinhã, Portugal
4

monogram) recuperated by the Romanian Authorities in the autumn of the year 2009.
The elemental composition was determined with an energy dispersive X-ray portable
7

IST/ITN, UTL, Estrada Nacional 10, 2686-953 Sacavém, Portugal

Faculdade de Ciências e Tecnologia, UNL, 2829-516 Caparica, Portugal

Huffington Department of Earth Sciences, SMU, 75275-0395, Dallas, Texas, USA

Instituto Gulbenkian de Ciência, Rua da Quinta Grande, 6P-2780-156 Oeiras, Portugal

Helmholtz-Zentrum Geesthacht (HZG), Max-Planck-Str. 1, 21502 Geesthacht, Germany

significant differences for a multivariate evaluation model. Therefore, the data were
grouped and evaluated separately, according to specific inquiries, in order to obtain
meaningful statistical correlations.
The Koson coins with monogram were grouped using Cluster Analysis and then
compared with some other contemporary emissions – a hoard of Lysimach staters
recovered by the Romanian Authorities in May 2011, and with a group of Lysimach
staters struck in the Greek cities from the Black Sea (at Tomis and Kallatis) - well
grouped by numismatic features [1]. Koson with monogram belonging to collections
from Cluj, Alba and Deva Museums were also added to the analysis. The results
showed differences and analogies in alloy composition for the various emissions.
The Koson coins without monogram are grouped in four clusters. Principal
Component Analysis was performed for the elemental composition of the coins of
each cluster.

Based on the Ag-Cu correlation coefficient, we can formulate a

hypothesis related to the proximity from the primary source of the alluvial gold used.
A Cu-Fe correlation in some of the clusters suggests the presence of chalcopyrite
mixing in the gold.
Multivariate statistics analysis (cluster analysis and principal components analysis)
applied to X-ray fluorescence data can provide scientific support to historical
hypothesis on workshops, periods and gold sources.
[1]. A. Vîlcu, E. Petac, B. Constantinescu, C. Chiojdeanu, D. Stan, G. Niculescu in PEUCE,
S.N. IX, (2011) p. 501 – 512

The Museum of Lourinhã exhibits several well-preserved dinosaur fossils from the
Late Jurassic recovered from the Lourinhã Formation. Here we report the study of
fossilized eggshell fragments collected from the clutch found in Porto das Barcas in
2005 (ML1188), which contains several crushed eggs and embryonic material
ascribed to basal theropods [1].
The eggshell thickness and the distribution of pore canals in eggshells are clade
specific and additionally good indicators of nesting environments [2]. Therefore,
synchrotron radiation based micro-computed tomography (SRµCT) studies were
performed at the HARWI II beam line operated by the Helmholtz-Zentrum Geesthacht
at the storage ring DORIS III at the Deutsches Elektronen-Synchrotron (DESY) in
Hamburg. At Instituto Tecnológico e Nuclear, micro-Proton Induced X-ray emission
(micro-PIXE) analysis was used to identify and map the elemental composition.
Furthermore, X-ray diffraction (XRD) data were acquired in transmission mode at the
HEMS beam line at the storage ring PETRA III at DESY.
The morphology of the dinosaur eggshells is well-defined. SRµCT data revealed
otherwise inaccessible details such as the network of pores in the eggshells. The
pores are irregular canals that ramify and vary width along their length. Moreover,
they seem to make a completely interconnected system at the top of the eggshell.
The pore space is filled in with sediment from the surrounding matrix as has been
shown by micro-PIXE and XRD studies and remarkably imaged in the tomographs.
Judging by the complex eggshell pore structure and depositional environment, the
nesting environment is inferred to have been in highly moist conditions.
[1] R. Castanhinha, R. Araújo and O. Mateus, J. Vert. Paleontol., 29(3) (2009) 76A.
[2] R.S. Seymour, Paleobiology, 5 (1979) 1.
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The Earrings of Pancas Treasure: analytical study by X-ray based techniques
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Study of Chernobyl mushroom by means of micro-PIXE technique
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A new micro analytical setup based on the scanning nuclear microprobe (MP) is

IST/ITN, Universidade Técnica de Lisboa & Centro de Física Nuclear FFCUL, Portugal

constructed in Kyiv [1, 2]. The particles induce X-ray emission (PIXE) technique is

5
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LNEG, Lisbon, Estrada do Paço do Lumiar, 22, 1649-038, Portugal

placed in operation at the MP. The mushroom X. badius selected on the alienation

C2RMF & UMR8020, Palais du Louvre, 14 quai François Mitterrand, 75001 Paris, France

zone of Chernobyl NPP are investigated. The first results of micro-PIXE study of thin
sections of the mushroom fruit bodies are presented here (Fig.1). Heterogeneity of

The development of new technologies in the Iberian Peninsula

several element (dominant, pollution and trace) distributions is clear visualized in the

during the Iron Age is well represented by the 10 gold earrings

maps.

from the treasure of Quinta das Pancas (Santana da Carnota,
Lisbon, 1st C BC): massive casting is replaced by repoussé
with wires and granules [1]. The typological studies propose 4
pairs and 2 items [2], but they do not identify whether the group
was produced by a single workshop.
We carried out using 3 complementary X-ray spectroscopy
techniques: XRF, PIXE and SEM-EDS. The XRF portable system for in-situ
identification of the gold alloys comprises an Rh Eclipse IV X-ray source and a XR100SDD Amptek X-ray detector and preamplifier. XRF data was used to select a
representative group of earrings to be studied for their manufacture technologies and
gold origin by SEM-EDS and micro-PIXE. Micro-PIXE analysis was carried out at the
IST/ITN van de Graff accelerator with a 2 MeV proton beam focused down to 3x4
µm2. SEM was carried out at LNEG with a Philips XL30 FEG (field emission electron
source) and an EDS microanalysis EDAX coupled to the microscope.

Fig.1. Micro-PIXE spectra and corresponding 2-D distribution maps of the chemical elements
in the sample. Field of view: 300µm x 300µm.

We could estimate the composition of the soldering alloys and compare the results
with the composition of the parts to be joined. We also looked for the presence of

The obtained results show that micro-PIXE technique allows: a) to identify practically

characteristic elements of alluvial gold, such as Sn. In order to search for a possible

all chemical elements included in a specimen with high spatial resolution, b) to

chronological continuity of the gold supplies in one same region of production, 6

investigate of physiological and biochemical processes in a tissue of biological

earlier casted hoop earrings from the Lisbon area were analysed together with the
Pancas items.
[1] R. Parreira, C. Vaz Pinto. Tesouros da Arqueologia Portuguesa no Museu Nacional de

sample, c) to carry out bio monitoring of the environment.
[1] S. Lebed, M. Tolmachov, O. Kukharenko and O. Veselov, Nucl. Instrum. Meth. Phys. Res.

Arqueologia e Etnologia, Lisboa (1980).

B 267 (2009) 2013.

[2] J.R., Viegas and R. Parreira, in Madrider Mitteilungen (1984), 79-91.

[2] http:// www.prober.in
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Characterization on Islamic luster ware in Thailand: A PIXE study
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PIXE study on Lanna-style decorative glass
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Ancient ceramics from Islamic World were found at various archaeological sites in

The Royal Thai Army Chemical Department, Bangkok 10900 Thailand

Thailand. The archaeological evidences indicated that they were imported to
Thailand by Arab merchants during 7th-10th century A.D. In this work, PIXE was used

Lanna-style decorative glass is one of decorative glasses which are found throughout

to characterize the composition of the luster ware. SEM-EDS and µ-XRF were also

Thailand in special places, such as, Buddhist temples, which, for centuries, have

used to analyze its composition, structure and elemental distribution. It was found

served as community centers for the locals. It is found mostly in the northern and

that the amber or brown colored glaze was lead-based glass contained silver

northeastern areas of Thailand, and some parts of Laos, Burma and China. As the

particles influenced by iron. This archaeological object demonstrated the long

glasses have kept deteriorating over time, restorations must be performed routinely

distance trade and exchange network of the ancient time between Southeast Asia

to preserve these cultural crafts for later generations to appreciate. In this work,

and Islamic World.

PIXE, SRXRF and µ-XRF were used to analyze chemical composition and elemental
distribution of the Lanna-style glass. Microstructure was also studied using SEM.
Compositional analysis showed that the main contents were SiO2 and PbO. K2O and
CaO were as minor contents. The differences in color were affected from the addition
of iron, copper and manganese. These results were confirmed by SRXRF. Crosssectional SEM observations of the samples showed three different layers including
metal substrate, binder and coated glass. The glasses were mostly transparency with
plenty and bubbles. It can be concluded that these techniques in combination are
powerful for the investigation of heterogeneous glassy materials.
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PIXE study on ancient glass beads excavated from Khlong Thom, Thailand
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Impurity Heterogeneity in Natural Pyrite and its Relation to Internal Electric
Fields Mapped Using Remote Laser Beam Induced Current
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Regions of band-bending in naturally occurring semiconducting sulfides are thought
to drive electrochemical reactions with passing fluids [1]. Metal bearing fluids within

The Royal Thai Army Chemical Department, Bangkok 10900 Thailand

the right pH range interact with the electric fields at the surface resulting in precious

Glass has been used in ornaments and decoration in Thailand for Thousands of
years. In this work, glass bead samples excavated from Khlong Thom prehistorical
site, Krabi Province (Thailand) were characterized by PIXE and SEM-EDS. The
composition analysis showed that the glass matrices were found mostly to be a low
magnesia glass. Transition metals such as copper and iron were mainly presence as
the colorants. Furthermore, this type of glass bead almost spread over the various
sites in Asia that demonstrated the long distance and exchange connections. Finally,
PIXE and SEM-EDS have been used to be the efficient techniques to analyze the
archaeological objects, especially the glassy materials, to understand their

metal ore genesis, even in under-saturated solutions [2,3]. Metal reduction at the
surface occurs via field assisted electron transfer from the semiconductor bulk to the
ion in solution via surface states. Better understanding the role these regions and
their texturing play on seeding ore growth requires large scale imaging of the electric
field distribution near the surface and correlation with underlying trace element and
defect distributions [4]. In this paper we discuss PIXE measurements made on the
CSIRO Nuclear Microprobe (NMP) and correlate elemental maps with Laser Beam
Induced Current (LBIC) maps of the electric field [5]. Conclusions are drawn and
future directions are discussed.
[1] P. Moller and G. Kersten, "Electrochemical Accumulation of Visible Gold on Pyrite and

characteristics and how they were produced in the ancient time.

Arsenopyrite Surfaces ", Mineralium Deposita, vol. 29, pp. 404-413, Nov 1994.
[2] G. M. Bancroft and G. Jean, "Gold deposition at low temperature on sulphide minerals,"
Nature, vol. 298, pp. 730-731, 1982.
[3] G. E. Jean and B. G. Michael, "An XPS and SEM study of gold deposition at low
temperatures on sulphide mineral surfaces: Concentration of gold by adsorption/reduction,"
Geochimica et Cosmochimica Acta, vol. 49, pp. 979-987, 1985.
[4] J.S.Laird, B.C.Johnson, K. Ganesan, S.Kandasamy, G.Davidson, S.Borg and C.G.Ryan,
"Impurity mapping in sulphide minerals using Time-resolved Ion Beam Induced Current
imaging" NIMB Vol 268, Issue 1-12, pg 1903-1910
[5] J.S.Laird, B.C.Johnson and C.G.Ryan, "Laser Beam Induced Current Microscopy of
Electric fields in Natural Minerals caused by Impurity Zonation and Structural Defects",
Measurement Sci and Technology, April 2012
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Ion beam analysis of gas turbine blades: Evaluation of refurbishment quality

Spatially-resolved analysis of natural minerals as carriers of high-tech metals

O. Kakuee, V. Fathollahi, P. Oliaiy, D. Agha-Aligol, M. Lamehi-Rachti

and Rare Earth Elements: comparison of EPMA, PIXE and Sy-µXRF
P.P. Michalak1, F. Munnik2, M. Radtke3, G. Buzanich 3,U. Reinholz3,

Nuclear Science Research School, NSTRI, P O Box 14395-836, Tehran, Iran

H. Riesemeier3, S. Merchel2, A.D. Renno2
Hot components of gas turbines exposed in highly aggressive environments are

1

Freiberg University of Mining and Technology, Freiberg, 09596 Freiberg, Germany
2

always prone to damages for a number of reasons such as particle erosion, different
3

types of corrosion and oxidation, and increasing effects due to the combination of

Helmholtz-Zentrum Dresden-Rossendorf, 01314 Dresden, Germany

BAM Federal Institute for Materials Research and Testing, 12489 Berlin, Germany

these damage modes [1]. Applying a protective coating layer and also refurbishment
of these components has always been of considerable importance from technical and
economic points of view. To protect hot components of gas turbines, MCrAlY (M=Co,
Ni) alloy is conventionally used as a protective coating layer against oxidation.
In this research work, the outer surface layers of a corroded gas turbine blade used
in power generation industry as well as a refurbished blade by applying a coating of
MCrAlY were investigated using conventional PIXE and RBS performed in a homemade reaction chamber [2]. Moreover, four other samples of turbine blades already
cut, mounted and polished were investigated using a nuclear proton microprobe.
In this investigation, the influence of type and distribution of elements used in
protective coatings on the quality of coatings were studied. Impurity elements present
in the coatings which could have a significant effect on the quality of coating layers
and on the life time of turbine gas blades were identified and characterized as the
undesired factors. The results of micro-PIXE analysis also reveal the distribution of
large amounts of clustered Si in the protective coating. This unwanted distribution of
Si which could considerably reduce the life time of protective layer seems to originate
from the sandblast process during the pre-treatment of the blades. As a general
conclusion, removing the uppermost surface layer carrying light elements and also
pre-coating surface treatments were found to have great importance in the
development of proper protective layer.
[1] M. J. Pomeroy, Materials & Design 26 (2005) 223-231
[2] O.R. Kakuee, V. Fathollahi, D. Agha-Aligol, M. Farmahini-Farahani, P. Oliaiy, M. LamehiRachti, Nucl. Inst. and Meth. B 266 (2008) 1132-1136
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The assessment of supply risk of high technology elements requires quality
assurance of their natural carriers such as ores at low levels and micrometer scales.
One path to achieve this goal is through the use of reference materials (RMs).
Providing reliable data on elemental concentrations at the µg/g level and on their
spatial distribution is achieved by employing spatially-resolved micro-analytical
methods.
In order to produce synthetic RMs with optimized chemical composition, three natural
mineral analogues (sanidine, pyrite, columbite) have been tested for chemical
homogeneity with three methods based on X-ray detection: EPMA (Electron Probe
Micro Analyzer), Sy-µXRF (Synchrotron radiation-induced X-ray Fluorescence) and
PIXE. EPMA analyses were carried out at the TU Bergakademie Freiberg using a
wavelength dispersive detector and an accelerating voltage of 20 keV and a beam
size of 2 µm. Sy-µXRF measurements were performed at the hard X-ray beamline
“BAMline” at the synchrotron facility BESSY in Berlin. Samples were exposed in
atmosphere to monochromatic X-rays of 20 keV focused with a compound refractive
lens to 3x3 µm2. PIXE data were obtained using a 3 MeV proton beam of about
5x5 µm2 from a 3 MV tandem accelerator at the HZDR, Dresden.
Quantitative (EPMA, PIXE) and qualitative (Sy-µXRF) elemental distribution maps
have been obtained for major, minor and trace elements for each scan. At least five
trace elements were detected in each of the matrices, showing irregular distribution
patterns. Compared to PIXE, Sy-µXRF spectra were characterized by lower peak to
background ratios, thus, better detection limits could be achieved and more trace
elements identified, such as Ge and Pb in sanidine, Hf and Yb in columbite, and Zn
and Se in pyrite.
The use of several analytical techniques is necessary for the quality assurance of
synthetic candidate RMs since it provides complementary information, e.g. Sy-µXRF
is very sensitive, detecting more trace elements, EPMA provides more results for
light elements since it operates under vacuum and PIXE is sensitive for medium
heavy elements.
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The influence of photon excitation and proton irradiation on the luminescence

CVD diamond as a position sensitive detector

properties of yttria stabilized zirconia doped with praseodymium ions

using charge carrier transition time
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Ion beam induced charge (IBIC) is a powerful tool for characterization of some

Centro de Física Nuclear da Universidade de Lisboa, Av. Prof. Gama Pinto,

electronic properties in different semiconductors and insulators. Its extension to time

1649-003 Lisboa, Portugal

resolved IBIC (TRIBIC) gives better insight to physics of the charge carriers’ transport
inside the device under test. TRIBIC used in lateral irradiation mode allows us to

Lanthanide doped zirconia based materials are among the most promising
phosphors for lighting applications. Transparent yttria stabilized zirconia (YSZ) fibres
grown by the laser floating zone method provide an intense red luminescence at
room temperature when in-situ doped with Pr3+ ions. The dominant intra-4f2 transition
observed either by photoluminescence (PL) and ionoluminescence (IL) occurs at 615
nm and is due to the transition between the 1D2→3H4 multiplets of the Pr ions. The
influence of the photon versus proton excitation on the fibres luminescence is
discussed. Micropobe analysis using µPIXE technique was performed in two different
zones of the crystal and the results reveal a very homogeneous composition,
whether for the major elements (Y, Zr) and the doped species (Pr), or for the
impurities detected. Normalizing to the Zr content (Zr=1) the mass ratio to the other
elements was measured to be: Y=0.08; Pr=0.05; Hf=0.02; Ca=3×10-3; Ti=0.7×10-3.

directly measure the transition time of charge carriers and consequently their velocity
and mobility. In this experiment, a Diamond Detectors Ltd. single crystal CVD
diamond sample (1x1x0.5 mm) was laterally irradiated with a low (<10 particles s-1)
current of light ions. In order to preserve the exact shape of the current pulses,
signals were amplified with 50 ohm wideband RF amplifiers and collected using a 5
GHz LeCroy Wavemaster 8500A digital oscilloscope. The transition time of charge
carriers was measured directly as a function of ion hit position between the
electrodes. Due to different velocities of electrons and holes in diamond, a very good
spatial resolution was achieved by fitting the transition time vs. the distance from the
electrode. With a decrease in cost of high frequency electronics and digital data
acquisition systems, this technique may become a technique of choice for
experiments where both position sensitive detection and superior timing resolution of
charged particle detectors is required.

RT PL of YSZ:Pr3+

RT IL of
YSZ:Pr3+
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Ion Microscopy of Hydrogen retention in heavy metals

Micro-PIXE and Micro-RBS observation of micropores in porous silicon
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prepared by microwave assisted HF etching
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Degradation of wall materials used in fission and fusion reactors due to extreme
conditions and radiation is investigated in order to develop improved materials.
Hydrogen plays a key role in metal embrittlement and is trapped at various natural
and ion induced defects.
We present detailed study of the hydrogen retention in heavy metals in 3 dimensions
and its correlation with structural features e.g. grain boundaries and blisters
performed by proton-proton-scattering at the proton microprobe SNAKE. For low Z
sample material like diamond, sensitivity of 5·1013 at/cm2 is possible, resolving
hydrogen enhancement even on grain boundaries of diamond [1]. High Z material is
much more complex to analyse due to strong background from accidental
coincidences induced by nuclear reactions and due to larger small angle scattering
effects and large matrix atoms scattering cross section.
We show that we obtain a sensitivity better than ~1015 at/cm2 (~2at-ppm) is possible
even for steel or tungsten. At SNAKE with high proton energies up to 25 MeV we are
able to analyse even up to 50 µm thick tungsten targets. We utilised 22 MeV protons
to study hydrogen distributions in 50 µm Stainless Steel and 25 µm Tungsten
samples. The steel samples have been implanted with 2 MeV protons at a fluence of
around 7·1019 H+/cm2. The depth profiles show that less than 0.3% of the implanted
hydrogen is retained and is localized mostly in the end of range peak. The same
depth resolution and a detection limit of 1016 at/cm2 were obtained for tungsten
implanted with a 1.8 MeV proton beam. Other Tungsten samples have been
implanted at the high current ion source at IPP Garching using a H3+ ion beam with
the energy of 200 eV/H at a fluence of 2×1020H+/cm2. At these conditions, which
mimic the conditions in future fusion reactors, blisters and cracks are created in the
near-surface layer due to hydrogen-induced stress in the material. With pp-scattering
at SNAKE we are able to image the damaged area and quantify the retained
hydrogen.

Porous silicon (PS) has been prepared using a novel method based on microwave
assisted HF etching of a silicon wafer pre-implanted with 5 MeV Cu ions. The pore
structure was characterised both with scanning electron microscopy of the surface
and cleaved cross sections and with nuclear microscopy of the surface using PIXE
and RBS with micrometre spatial resolution. The pores are demonstrated to have
dimensions in the micrometre scale. A comparison of the two imaging methods
confirms that nuclear microscopy shows the shape distribution and sub-surface
structure of the pore (using RBS depth profiling and topographic contrast) and using
PIXE, reveals the migration of implanted copper to the base of the pores during the
etching process.
This is the first work demonstrating the potential of microwave assisted HF etching in
the formation of porous silicon and also shows the potential of microPIXE imaging for
characterising these structures.

[1] P. Reichart, et al. Science 306 (2004) 1537
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Microprobe analysis, iono- and photo- luminescence of manganese activated

Corteo Simulations for Quantitative Hydrogen Analysis

ZnGa2O4 fibres

using Proton-Proton Scattering
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Cubic ZnGa2O4 fibres were grown by the laser floating zone (LFZ) technique with
different pulling rates. When activated with manganese ions the room temperature
fibres photo-and iono-luminescence (PL and IL, respectively) is dominated by an
intense green emission which is observed by the naked eye. The green band was
seen to be due to an overlap of the 4T1→6A1 intraionic transition of the Mn2+ ions in
different sites in the gallate host. The fibres´ PL was found to be dependent on the
excitation energy. Additionally, the intensity of the green PL and IL is strongly
sensitive to the temperature and irradiation time. The amount of Mn as measured by
µPIXE analysis was found to be of 0.4 wt%. Impurities like Cl, K, Ca and Fe were
also measured in quantities of 0.35, 0.1, 0.04, 0.04 wt% respectively.

RT PL observed with

RT IL observed with

3.8 eV photon excitation

2.0 MeV proton excitation

Proton-proton (pp) scattering has proven to be the most sensitive ion beam method
for hydrogen analysis [1]. For microscopic hydrogen imaging in 3 dimensions it is in
fact the only method because of its low radiation damage potential [2].
The high sensitivity is achieved by coincident detection of both protons from a ppscattering event using an angular resolving strip detector, where the 90° scattering
angle of both protons to each other is well defined due to equal masses of the
scattered particles. Multiple (small angle) scattering effects cause a deviation of the
90° angular condition for long path length of the scattered protons through the
sample, in particular for high Z materials. Hence, the detection efficiency for
hydrogen coincidence events is a function of depth. We use the CORTEO [3] Monte
Carlo code in order to calculate the dependence of this depth dependent detection
efficiency that also depends on the atomic number Z, the tolerance of the angular
filter condition and other geometric effects like misalignment of the detector position.
Calculations are compared to experimental performed on multilayered sandwich
targets using a simple 2-fold detector setup as
well as the current multistrip setup at SNAKE
(see Fig. 1). The CORTEO Monte Carlo Code
has been adapted to coincident pp-scattering
analysis in order to simulate the depth
dependent detection efficiency that also
depends on the atomic number Z of the target
material, the tolerance of the angular filter
conditions and the geometrical effects like
misalignment of the detector position.
Fig.1: Illustration of the current boxed
multistrip detector setup on SNAKE.
[1] P. Reichart, et al., Science 306 (2004) 1537.
[2] P. Reichart, et al., Nucl. Instr. and Meth. B197 (2002), pp. 134-149
[3] F. Schiettekatte, Nucl. Instr. and Meth. B266 (2008), pp. 1880–1885
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Charge collection study in the interstrip region of DSSSD

A Study of Calcium Varieties of Uraninite and Uranyl Minerals by EPMA and

using proton microbeam

micro-PIXE Techniques to Develop Nuclear Forensic Signatures
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According to the experience in nuclear physics experiments, the efficiency of Double
Sided Silicon Strip Detector (DSSSD) may be affected by anomalous charge
collection effects for ions entering detector in the interstrip region. This can take
place due to the inhomogeneous electric field in the region, lost charge in dead
layers and due to different ionization profiles that detected ions may have. When a
charged particle hits the interstrip region effects such as charge sharing, pulse height
deficits as well as inverse polarity pulses on adjacent strips can occur [1, 2, 3]. In
order to clarify this behaviour, an experiment was performed at the scanning proton
microbeam of the Ruđer Bošković Institute (RBI). Low proton microbeam currents
(~fA) were use to probe behaviour of two DSSSDs (thickness 72 µm and 1000 µm).
The response of these two detectors was studied as a function of the position, at
different beam energies (0.8, 1.7, 3, 6 MeV) and bias voltages. Results show that the
effective region area, where insufficient charge collection occurred, is not constant
with respect to the ion penetration depths. Moreover the behaviour of the charge
collection in this region is depending in a complex way to the amplitude of the inverse
polarity pulses. Different mechanisms of this behaviour as well as implications for the
DSSSD use in nuclear physics experiments are discussed.
[1] J. Yorkston and A.C Shotter, Nuclear Instrument and Method A 262 (1987) 353.

This work is a comparative study of the composition of select uranium minerals from a
selection of uranium ores by EPMA and by µ-PIXE techniques. Investigations were
performed on Ca-uraninite and Ca-bearing uraninite, Ca-boltwoodite (Ukrainian deposits),
uranophane and β -uranophane (Um-Ara, Egypt [1]), and weeksite (Hanneshin, Afganistan
[2]). The mineral grains present in the raw ores are known to display micro-scale phase
heterogeneities. Quantification of the sources of these heterogeneities and host-relationships
is difficult, particularly with respect to trace element impurities. The µ-PIXE technique was
used to examine the uranium mineral grains by scanning them with a focused 1.7 MeV
proton beam (2-3 µm resolution) extracted from the IAP NASU Nuclear Scanning Microprobe
(Sumy, Ukraine). The measured PIXE spectra were processed with a GUPIXWIN program to
quantify the elemental composition, and to generate maps of elemental profiles within
minerals. EPMA analysis applied conventional techniques using a Camscan-S4 (Oxford)
microscope equipped with energy-dispersion and wave-dispersion detectors, and was used
to support and validate µ-PIXE results.
The major element contents determined by µ-PIXE were found to agree with EPMA data. µPIXE was then used for the first time to detect and quantify trace elements within the same
mineral grains. Characteristic impurities measured by µ-PIXE in weeksite include (in ppm): Cl
1800±450; Fe 1900±450; Cu 540±120; Pd 6500±700; Pt 1000±300; Bi 850±100. The high
concentrations of Pd and Pt may be a result of sorption in concrete deposits. Characteristic
impurities measured by PIXE in uranophane and β-uranophane include (in ppm): P
2500±450; Fe 2500±450; Pb 19000±5000. In minerals from Ukrainian ores, measured
impurities include (ppm): Ca-bearing uraninite: V 4500±450; Fe 1550±150; Pb 9500±500.
The high Pb content is consistent with the age of the ore reflecting radioactive equilibrium.
Indirectly, this may also be a signature of geolocation. In the mineral uraninite-(Ca), the
element V 3500±500 was determined, but Pb was not detected. This may reflect radioactive
disequilibrium in the ores, and/or a very young geological age of ore formation.
These results are useful in understanding the sources and processes contributing to the
formation of these ores, as well as whether characteristics of these rare and localized
uranium ore minerals can be used for unambiguous identification of more refined ore
products.
The authors thank G.K.E. This work performed under the auspices of the U.S. Department of
Energy by Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344.
[1] A.A. Valter et al., Mineralogical Study of Um-Ara Uranium Ore Occurrence (Egypt)
Scientific report, Sumy, Kiev, 2003.
[2] G.K. Erjomenko, Report on VIII Meeting of Ukrainian Mineralogical Society, Kiev
6.09.2011.
[3] Valter, A.A., K.B. Knight, “New characterization of uranium mineralogy in Ukrainian ores”,
21st VM Goldschmidt Conference, LLNL-ABS-48076, 2011.

[2] Y. Blumenfeld et al., Nuclear Instrument and Method A421 (1999) 471.
[3] Eremin et al., Nuclear Instrument and Method A 500 (2003) 121.
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Commonly, present water supply systems are not capable to provide the necessary

Box 118 SE-22100 Lund, Sweden
2

quality of water in our apartment. Therefore the tap water contains a lot of life-

Swedish Museum of Natural History, Department of Mineralogy,
Box 50007 SE-104 05 Stockholm, Sweden

threatening chemical elements. The concentrations of these pollutions sometimes
considerably exceed the permissible norms for potable water.
We have developed the original multi-stage compact water filtration system for

Hydrogen normally occurs as hydroxyl ions related to defects at specific

purification of the tap water. The system contains more than three commercial filter

crystallographic sites in the structures, and is normally characterised by infrared

cartridges and the correspondent values of water monitoring chambers. The design

spectroscopy (FTIR). For quantification purposes the FTIR technique has proven to

of the filtration system allows supervising the filtration quality of each cartridge using
the PIXE technique. The micro-PIXE technique of the Kyiv scanning nuclear
microprobe [1] is applied. In our case, the main advantages of the PIXE technique

be less precise since calibrations against independent methods are needed.
Hydrogen analysis by the NMP technique can solve many of the problems, due to the
low detection limit, high lateral resolution, insignificant matrix effects and possibility to
discriminate surface-adsorbed water. The technique has been shown to work both on

such as a) the suitability for multi elemental analysis of the most of chemical

thin samples and on thicker geological samples [1-3]. In this work we will present an

elements heavier than Al, and b) the high threshold elemental sensitivity (down to 1

upgraded version of the technique using two sets of mineral standards combined with

– 10ppm for majority elements) are used.

pre-sample charge normalization to achieve quantitative analysis. The first part of

The obtained results show that our filtration system has a good parity quality and it

this work was presented as a poster on the ICNMTA conference 2010 [4].

could be utilized for the potable water preparation or the water purification for special
technical purposes.

To avoid disturbance from surface contamination the hydrogen is analysed inside
semi-thick geological samples. The technique used is an elastic recoil technique
where both the incident scattered projectile (proton) and the recoil hydrogen is

[1] S. Lebed, M. Tolmachov, O. Kukharenko and O. Veselov, Nucl. Instrum. Meth. Phys. Res.

detected in coincidence with a double sided silicon strip detector (DSSSD) [5].

B 267 (2009) 2013

[1] M. Wegdén, P. Kristiansson, Z. Pastuovic, H. Skogby, V. Auzelyte, M. Elfman, K.
Malmqvist, C. Nilsson, J. Pallon, A. Shariff, Nucl.Ins.Meth.B219-220 (2004) 550-554
[2] M. Wegdén, P. Kristiansson, H. Skogby, V. Auzelyte, M. Elfman, K.G. Malmqvist, C.
Nilsson, J. Pallon and A. Shariff, Nucl. Instr. Meth. B231 (2005) 524-529
[3] K. A. Sjöland, P. Kristiansson, M. Elfman, K.G. Malmqvist, J. Pallon, R.J. Utui and C.
Yang, Nucl.Ins.Meth.B124(1997)639
[4] P. Kristiansson, H. Skogby, N. Arteaga-Marrero, M.Borysiuk, M. Elfman, E.J.C.
Nilsson, C. Nilsson, J. Pallon and Naseem Salim, Poster presented at ICNMTA 2010 in
Leipzig, Germany
[5] M. Borysiuk et.al. To be presented at ICNMTA 2012
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Use of proton elastic scattering analysis

A mineralogical application of micro-PIXE technique: the Ni-Mo-PGE

to determine water content in geological powders

polymetallic layer of black shales in Zunyi region, South China
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This study investigated structural water in clay powder samples. Clay powder
particles were deposited onto hydrogen free teflon filters and scanned with a

2
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focussed 2.5 MeV proton beam. The water content was determined from hydrogen
measurements using Proton Elastic Scattering Analysis (PESA) in a forward

The past decade saw a rapid growth in mineralogical applications of the nuclear

scattering angle of 45° and heavier elements (Z ≥ 11) were detected via Particle

microprobe, particularly as an in-situ trace-analyser using the PIXE technique. The

Induced X-rays Emission (PIXE). Measurements were conducted in high vacuum so

success of micro-PIXE stems directly from the sensitivity for trace element detection

free water vapour and VOCs are volatilised before analysis, hence only bound water

at the parts-per-million concentration level and microns space resolution [1]. Selected

is detected. Measurements of the structural water content in clay powder samples

samples of polymetallic layers from Southern China (Huangjiawan mine, Zunyi

provide information about its relationship with the mechanical strength of the

region, northern part of the Guizhou Province) were analyzed [2]. They are known to

particles.

be enriched with acidic elements and basic elements. Some of them, like Ag. Au, Pt.
Pd. Se and Mo, are of big economic value. We examined the distributions of Pd as
well as Fe, Mo, Ni, As and Se in black shale samples with 3 MeV focused proton
beam. It can be found that the peak of Pd can be visible clearly in the PIXE energy
spectrum, which helps the investigation of the noble metal in the mineralogical
samples. Trace element data from minerals, the noble metals’ residence status and
relationship with major elements, are all useful in studies of the genesis of the
deposit, which can aid the exploration strategy [3].
[1] S.H.Sie, Nucl. Instr. and Meth. B 130 (1997) 592-607.
[2] A. Borghi, R. Cossio, C. Mazzoli, Nucl. Instr. and Meth. B 189 (2002) 412-417.
[3] W. Przybylowicz, A. Piestrzynski, K. Traxel, and S. Bajt, Nucl. Instr. and Meth. B 49
(1990) 509-513.
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In Mozambique, various industries were established on the periphery of natural
resources, especially on the banks of the Matola River, the main river in the country.
The river has been polluted over the past years and there is therefore the need for
pollution control. Pollution events that occurred previously are at times difficult to
detect, and hence to quantify, because of the continuous flow of the river. However,
changes in the chemical composition of the freshwater are incorporated into the
matrix of fish scales as growth occurs [1]. Hence, the previous pollution events can
be identified by the analysis of fish scales. A surface analysis (2D study) of fish
scales has been done before [2]. In that study it was found that the various growth
patterns were inhomogeneous. The question now arises whether the growth in the
third dimension is homogeneous or heterogeous. This was established by using
Particle-Induced X-ray Emission (PIXE) [3], for elements of atomic number, z, for
12 ≤ z ≤ 40, Scanning Electron Microscopy (SEM) for carbon, oxygen and nitrogen,
and Backscattering (BS) to discern any layer formation.

Minerals from the earth crust and mantle contain hydrogen in form of hydroxyl or
water. For certain types of minerals or in dependence of their origin an exact
quantification is still not possible, leaving some theories about tectonic movement or
earth history unconfirmed. Standard analysis methods like IR absorption or SIMS
suffer from the problem that quantification is dependent from the matrix structure and
composition of the sample. Natural mineral samples are a composite of
microscopically fragmented granular mixture of different mineral types (see Fig. 1).
HPHT synthesis is used to generate minerals in the lab in order to simulate
temperature and pressure conditions of the Earth’s deep interior. The output samples
often are – as rare natural samples - tiny synthetic crystals (Fig. 2) that need
microscopic imaging tools, like the natural samples do. Ion beam analysis methods
are quantitative, but only coincident proton-proton-scattering analysis has the
potential to image hydrogen with ppm-sensitivity in microscopic dimensions. At the
microprobe SNAKE high proton energies up to 25 MeV are available so that samples
up to 100-200 µm thickness, that is often the limit to prepare, can be analyzed in the
required transmission geometry. We present microscopy maps of hydrogen
distributions and quantitative analysis in both natural and synthetic mineral samples.
Natural surface contaminations of 1016...1017 H-atoms/cm2 can be separated hence
giving the true inner bulk content. Additionally, the signal from backscattering protons
(non-Rutherford elastic scattering) can be used to correlate the hydrogen events to
the location of other elements.

[1] S.M. Tang et al., Nucl. Inst. Met. Phys. Res. B, 130, 396-401 (1997).
[2] Guambe et. al. (2012), NIMB, vol. 273, pp. 171-172.
[3] Ryan et. al. (1995) NIMB, vol. 104, pp. 157-165.
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Duckweed (Lemna minor L.) is a ubiquitous aquatic macrophyte extensively used as
water quality indicator and biological monitor for trace element (including metals,
metalloids, and radionuclides).

Diopside is a mineral belonging to the pyroxene family, in particular it is an inosilicate

In the scope of an environmental impact monitoring program of a main automobile

with a single calcium and magnesium chain, whose chemical formula is CaMgSi2O6.

bridge in the Lisbon area both water and L. minor plants from the road drainage

Natural diopside displays a large variety of luminescence centers: at room

tanks were analysed. Bulk concentrations in water and L. minor from the drainage

tempertaure main features are a 450 nm band, that can be ascribed to the silicate-

tank were measured by ICP-MS.

based network [1-3] and an intense band at 585 nm that can be ascribed to Mn2+ ions

The elemental distributions along the immersed radicular system of the plant and in

in M2 (Ca2+) sites [4]. Also Ti3+ and Ferelated impurities have a role as activators of

the floating leaves were determined using Nuclear Microscopy techniques. Controls

luminescence [5,6].

plants grow under laboratory standard conditions were also analysed.

The main purpose of the present work is to study the radiation hardness of several of

Both water and plants from the drainage tank showed high concentrations of Cu and

such centers by following the evolution of ionoluminescence upon proton and helium

Zn. Nuclear microprobe elemental maps of cryosections of L. minor tissues showed

irradiation at different energies and fluences. Moreover an attempt was made to

that these elements were internalized in the radicular system and in the leaves of the

correlate the trace elements to the centers of luminescence by means of micro-PIXE.

plant.

As this work falls in the framework of the provenance study of lapis lazuli used for

Nuclear microprobe evaluation of L. minor tissues at micrometer level proved to be

artworks we are carrying on since 2008 [7] all analysed natural diopside crystals

helpful to assess the bio-availability of the elements in the environment. These

were found in lapis lazuli rocks.

results also contribute to improve knowledge about elemental tissue partitioning in an

[1] L.H. Abu-Hassan, P.D. Townsend, Nucl. Instr. Meth. B, 32(1988)293-298.

extensively used biomonitor.

[2] K. Moritani, I. Takagi, H. Moriyama, J. of Nuclear Materials, 312(2003)97-102
[3] S.I. Kitazawa, S. Yamamoto, M. Asano, S. Ishiyama, Physica B, 349(2004)159-165
[4] A.L. Smith, Journal of The Electrochemical Society, 96(5) (1949) 287-296
[5] A. Quaranta A. et al. Nucl. Instr. Meth. B, 254 (2007) 289-294
[6] C.D.K. Herd, R.C. Peterson, G.R. Rossman The Canadian Mineralogist, 38 (2000) 1193-1199
[7] A. Lo Giudice et al., Analytical and Bioanalytical Chemistry 395 (2009) 2211-2217
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In the last two decades, IBIC has proven its role as a leading technique for testing

Institute General Skills, Porto Alegre, St. Voluntários da Pátria, 1358,

microscopic properties of charge carriers’ transport in semiconductor detectors. Still,

CEP 90230-010, Brazil

in most of the cases IBIC could not be easily applicable for testing of larger and more
complex detector systems with multiple readout channels as those used in nuclear

The finding of GSR (waste shooting of a firearm) in the hands or clothing of a suspect

and high energy physics experiments.

is of high interest for police authorities [1]. These residues identified by the presence

Therefore, in order to extend capabilities of the Zagreb microprobe to accept for

of Pb, Ba and Sb in a single particle of generally spherical geometry are
condensation products of material from the primer, projectile, cartridge case and the
gun barrel. Therefore, its composition varies according to the gun and the

testing more complex detector systems, an in-air IBIC system has been designed
and installed. Since microprobe can accept ion beams from 1.0 and 6.0 MV tandem

ammunition used [2].

accelerators, wide range of proton beam energies can be used. In the case of in-air

The most accepted technique for the detection of GSR in Brazil nowadays is the

IBIC, higher proton energies are of particular importance since charge transport

Scanning Electron Microscope Energy Dispersive X-Ray Spectrometry (SEM-EDS)

properties of devices under test can be probed in much larger depth ranges. We

since it is a non-destructive technique and capable of specifying whether the

have therefore tested the dependence of spatial resolution on proton energy in range

characteristics elements (Pb, Ba and Sb) are in the same particle, ensuring that it is
really GSR and not from contamination from another source [1,2]. However, in most
cases is not possible to discriminate waste from different sources using SEM,
because this technique is not sufficiently sensitive to trace elements [2].
The objective of this study is to establish the elemental characterization of GSR

between 2 and 10 MeV. In order to explore influence of microbeam passage through
the exit foil and air, measurements of the spatial resolution dependence on proton
energy have been compared with modelling of proton multiple scattering. Typical
examples of in-air IBIC measurements will be presented.

generated by ammunition made in Brazil, and determine the level of dependence of
its composition with the firearm used. To that end, PIXE and micro-PIXE were carried
out.
GSR samples from the firing of a gun Taurus (38 special), with cartridges CBC (38
SPL+P+), were collected on paper directly into the output barrel. The measurements
were performed at The Ion Implantation Laboratory of the Physics Institute (UFRGS).
The samples were irradiated with an average current of 6.1 pA for 600 seconds with
beam 4x4 µm. Preliminary results show a correlation between Pb and Ba in the same
particle. However, the presence of Sb was not detected.
[1] M.J. Bailey and C. Jeynes, Nuclear Instruments and Methods in Physics Research B,
267, (2009), 2265-2268.
[2] M.J. Bailey, K.J. Kirkby and C. Jeynes, X-Ray Spectrometry, 38, (2009), 190-194.
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Recent developments in material science have presented newer archwire materials
as well as improvements in the properties of existing ones. Proper selection and

The presence of intrinsic ionic impurities in commercial polymer foils makes them

understanding of the biomechanical requirement of each case requires proper

electroactive by changing their electronic properties from simply insulating to a

characterization studies on archwire alloys [1]. Use of orthodontic archwires has

frequencydependent behavior (from capacitive to memristive as the frequency

some disadvantages such as high surface roughness, which increases friction at the

increases). The polymers can uptake additional ions when being submerged in an

wire-brace interface during the wire sliding process [2]. The surface quality and the

electrolyte. Usually, this uptake is limited due to the protective action of the polymeric

surface roughness of dental materials are of utmost importance; these properties

surface, that behaves like a diffusion barrier for external penetrants. When irradiated

determine the area of the contact surface and thus influence on the friction [3].

by a microbeam, the electrolyte uptake capability of the foils is however perturbed

Two orthodontic archwires preformed rectangular beta titanium III orthodontic

due to radiation damage and morphological changes (i.e. holes) introduced by the

archwires (0.43 × 0.64 mm) and Timolium orthodontic archwires (0.040 × 0.64 mm).

beam. In this work, the electronic behavior of polymers structured by a 3 MeV H+

In addition, pure zirconium was deposited over the archwires. Several thin films of Zr

microbeam was investigated. Commercial poly(ethylene terephthalate) foils were

were deposited over titanium orthodontic archwires. Determination of composition

irradiated with a 2.5 x 2.5 mm2 proton beam of 3.0 MeV and subjected to chemical

and surface roughness of orthodontic wires were performed with Particle-induced X-

etching to create a single rectangular hole of ~ 1000 mm2 in the foils. The

ray emission (PIXE) [4] and Backscattering Spectrometry (BS). SEM analysis was

microstructured polymers were immersed in a salt electrolyte and excited by an AC

performed to determine the major element composition.

function generator to measure their current response in a frequency range of 1mHz

In this study the effects of the various thicknesses of the Zr layers deposited onto the

to 1MHz. We show that ion microbeam irradiation facilitates the in-diffusion of excess

Ti-alloy mires to improve the surface roughness of the archwire are investigated. Also

ions from the surrounding electrolyte, increasing the polymer´s electrolyte uptake

reported is the strength of archwires before and after deposition with zirconium and

capability by a large amount. A hole as small as 10-6 cm2 on a 0.28 cm2 PET foil

immersion with artificial saliva.

(~0.004 % of the foil surface) is sufficient to change the electronic properties of the
whole foil remarkably in the entire frequency range investigated. We also compared
such results with those of polymer foils irradiated by swift heavy ions.

[1] Krishnan et. al. (2004) Angle Orthodontist, vol. 74 (6). pp. 825-31.
[2] Kappert et. al. (1988). Fortschritte der Kieferorthopadie, vol. 49 (4), pp. 358-367.
[3] Tecco et. al. (2009). The Angle Orthodontist, vol. 79 (1), pp. 111-116.
[4] Ryan et. al. (1995) NIMB, vol. 104, pp. 157-165.
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Elemental mapping in biological tissue with micro-PIXE is intensively ongoing at
Ljubljana nuclear microprobe for external users from biomedical research. For better
understanding of biochemical processes in the tissue, additional information on
chemical bonding or molecular distribution in the tissue is required. Such information
can be obtained with MeV SIMS method. This motivated a construction of a linear
Time-Of-Flight telescope at JSI.
MeV focused ion beam will be used to desorb molecular fragments from the sample.
The process of desorption is equal as in the Plasma Desorption Mass Spectrometry
(PDMS), which is known as a technique capable of desorbing large intact molecular
ions from the surface of organic materials by electronic sputtering mechanism [1]. It
has been shown by Nakata et al. [2] that electronic sputtering induced by MeV heavy
ions offers higher yields of the high mass molecules in comparison with ordinary
SIMS. These high mass molecules are of the main interest in biological research.
Using microprobe scanning in combination with the pulsed beam, we will be able to
obtain a 2-dimensional distributions of molecules with resolution limited by the
diameter of the focused ion beam.

The technique called secondary ion mass spectrometry (SIMS) is based―as the
name implies―on mass spectrometry. In conventional SIMS with keV-energy ion
beams, elastic collisions occur between projectiles and constituent atoms in
molecules. The reaction breaks the molecules and produces fragments, and this
acquisition of molecular information is difficult. In contrast, MeV-energy ion beams
excite electrons and enhance the ionization of high-mass molecules, and a SIMS
spectrum of ionized molecules can be obtained. Imaging of molecular species over
500 Da was successful in SIMS using MeV ions [1]. However, obtaining molecular
imaging data at present, takes a long time, because the current density of the
primary beam is not high enough. We have developed an electrostatic quadrupole
lens to focus the swift heavy ion beam and reduce measurement time.
Fig.1 is a schematic representation of a double quadrupole lens (Q lens). To
characterize the properties of this lens, we tested it with a 6 MeV Cu ion beam with
an initial beam diameter of 0.5 mm. We applied 1120 V to the Q1 lens and 1430 V to
the Q2 lens, and the current density increased by a factor of ~70. Using this
arrangement, we obtained an MeV-SIMS image of 100 × 100 pixels of protonated
distearoyl phosphatidylcholine (DSPC) (m/z = 790.6) over a 4 mm × 4 mm field of
view with a pixel size of 40 µm within 5 min, showing that the Q lens reduces
measurement time of current imaging by a factor of ~30.

TOF spectrometer consists of a 1 meter long drift tube and a micro channel plate
(MCP) to provide a stop signal. Positively charged molecular fragments are
accelerated towards the MCP detector by a positive voltage applied to the sample.
[1] R.D. Macfarlane, D.F. Torgerson, Science 191 (1976) 920–925.
[2] Y. Nakata, Y. Honda, S. Ninomiya, T. Seki, T. Aoki, J. Matsuo, Applied Surface Science
255 (2008), 1591-1594.

Fig.1 Schematic representation of a double quadrupole lens.
[1] Y. Nakata, et al. J. Mass Spectrom. (2009) 44, 128−136
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The objective of the presented work is to determine the efficiency of Si(Li) X-ray
detector for the x-ray energies under the silicon K absorption edge in order to allow
quantified micro-PIXE mapping in biological tissue for the elements with
characteristic K X-ray energies below the silicon absorption edge at 1.84 keV. At this
energy, increased absorption and incomplete charge collection in the detector
uppermost layer of the Si crystal next to the front ohmic contact results in descrete
jump in the detection efficiency. In addition, the efficiency function drops fast below 2
keV due to absorption in the detector window and ohmic contact, which makes the
accurate efficiency description even more demanding. Measurements were
conducted on various monoelemental and multielemental samples with known
thickness and composition. Proton dose delivered to the sample was controlled by a
chopping device [1]. Measured spectra were analyzed by deconvolution programs
GUPIXWIN [2] and GEOPIXE [3]. We tried to describe the detector with a physical
model, that would describe well the efficiency in both deconvolution programs, that
are used for micro-PIXE quantification at Jožef Stefan Institute in biological tissue
mapping [4].
The resulting physical model for Si(Li) detector is the same for both programs and
gives matching quantification results for the reference samples analyzed, regardless
of their thickness and composition, within maximum statistical error of 5% throughout
the energy range of interest (0.7 to 13 keV).

2

Surrey Ion Beam Centre, University of Surrey, Guildford, Surrey, GU2 7XH,
United Kingdom

[1] K. Vogel-Mikuš, P. Pelicon, P. Vavpetič, I. Kreft, M. Regvar, Elemental analysis of edible
grains by micro-PIXE: Common buckwheat case study, Nucl. Instr. Meth. B 267 (2009),
2884–2889.
[2] J. L. Campbell, N I. Boyd, N. Grassi, P. Bonnick, J. A. Maxwell, The Guelph PIXE
software package IV. Nucl. Instrum. Meth. B268 (2010) 3356-3363.
[3] C.G. Ryan, "Quantitative Trace Element Imaging using PIXE and the Nuclear
Microprobe", International Journal of Imaging Systems and Technology (Special issue on
Quantitative Imaging) 11, (2000) 219-230.
[4] L. Lyubenova, P. Pongrac, K. Vogel-Mikuš, G. Kukec Mezek, P. Vavpetič, N. Grlj, P.
Kump, M. Nečemer, M. Regvar, P. Pelicon and P. Schroeder, Localization and quantification
of Pb and nutrients in Typha latifolia by micro-PIXE, Metallomics, 2012,
DOI:0.1039/c2mt00179a.
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The microprobe equipment used for ion beam analysis at the Surrey Ion Beam
Centre has been modified to perform time-of-flight secondary ion mass spectrometry
(ToF-SIMS) using a focussed beam of 4 MeV oxygen ions. To obtain good mass
resolution for the ToF-SIMS measurement the primary ions were pulsed to a width of
30 ns using a modified on-demand beam deflection system. The SIMS spectra
acquired were recorded using the OMDAQ software. These measurements,
performed in a high-vacuum chamber, are being used to assess the practicality of
using high-energy primary ion beams for atmospheric pressure mass spectrometry
studies, which is a technique currently under development.
Previously we have demonstrated that the time sequence of fingerprints and ink
could be determined from mass spectral imaging using MeV-SIMS if the fingerprints
are pre-doped with hand cream [1]. More recently, we have developed a protocol to
determine the order with un-doped latent prints using conventional keV SIMS [2]. We
demonstrate here that this protocol with latent prints can also be used with MeVSIMS. This opens the way to performing this same analysis in air without having to
sample a document or wait long periods of time for the sample to outgas before
starting the analysis. We also present analysis of different overlapping ink signals on
paper and explore the possibility to image different overlapping fingerprints.
[1] MJ.Bailey, B.N.Jones, S.Hinder, J.Watts, S.Bleay, R.P.Webb, Nucl. Instrum. & Meths. B,
268(11), 1929-1932, (2010)
[2] N.J.Bright, R.P.Webb, S.Bleay, S.Hinder, N.I.Ward, J.F.Watts, K.J.Kirkby, M.J.Bailey,
“Determination of Deposition Order of Overlapping Latent Fingerprints and Inks Using
Secondary Ion Mass Spectrometry (SIMS)”, Analytical Chemistry (in press 2012)
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PIXE and RBS analysis could be used in parallel to investigate the elemental
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of buried interfaces of multilayer sample is demanding task and may be accessed by
a combination of RBS, XRD and AFM techniques [2]. A novel approach to deal with

A critical factor in Particle induced X-ray emission (PIXE) spectroscopy is the sample
thickness [1]. It is advantageous to use sufficiently thin samples so that energy loss
of the particles associated with travelling through the sample is negligible. The
selected thickness, density and composition of the sample are required to calculate
the theoretical yields during spectral analysis. This is due to self absorption of excited
X-rays as they travel out through the sample [2]. Density values can be accurately
measured by simply measuring the sample mass and volume; however, this can
become quite a challenge with thin biological sections which are freeze dried. The
end goal of any PIXE analysis will be to determine the elemental composition of the
sample, with the best result being relevant to the original state of the sample. For
biological samples, this is when the organism from which the sample had been
collected from, was still alive.
This work investigates the level of error associated with using the physiological
density in calculations rather than the density for freeze dried sections. The
difference in theoretical yield values which can arise from using a density of 1.05
g/cm3 (fresh brain density), and 0.23 g/cm3 (calculated freeze dried density) was
calculated over a range of thicknesses (1-15 µm). The level of error between the two
values was found to increase with sample thickness and was higher with the heavier
elements; however, several biologically important elements were found to have an
error less than 5 percent at a 5 µm thickness. These results indicate that using the
biological density may be a valuable tool for estimating the physiological
concentration of biological samples without the need to accurately measure the
density of each freeze dried sample.

interface topography has been recently developed using stereo-PIXE technique [3].
In this work, we demonstrate the ability of stereo-PIXE method by measurement of
surface topography of the relief details on one euro coin. Two X-ray elemental maps
were simultaneously recorded by two X-ray detectors positioned at the left and the
right side of the proton microbeam. The asymmetry of the yields in the pixels of the
two X-ray maps arised due to different photon attenuation on the exit travel path of
the characteristic X-rays from the point of origin to the detectors. To reconstruct the
surface topography of the coin quantitatively, a flat surface model was at first applied
for the sample in which the matrix composition and the depth elemental
concentration profile was determined by conventional PIXE in combination with RBS
measurement. After that, the yield asymmetry in each image pixel was transferred
into corresponding local inclination angle using calculated dependence of the
asymmetry on the surface inclination. Finally, the quantitative topography profile was
revealed by integrating the local inclination angle over the lateral displacement of the
probing beam.
[1] C.J. Tavares, L. Rebouta, E. Alves, N.P. Barradas, J. Pacaud, J.P. Riviere, Nucl. Instr.
And Meth. B 188 (2002) 90
[2] M. Roumie, B. Nsouli, G. Chalhoub, M. Hamdan, Nucl. Instr. Meth. B 268 (2010) 1916 [3]
E. Gholami Hatam, P. Pelicon, M. Lamehi-Rachti, P. Vavpetič, O. R. Kakuee, N. Grlj, M.

[1] Campbell, J. L. Specimen preparation in PIXE analysis. NIM B 142 1977 263-273.

Čekada, V. Fathollahi, Surface topography reconstruction by stereo-PIXE, J. Anal. At.

[2] Pallon, J.; Ryan, C. G.; Arteaga Marrero, N.; Elfman, M.; Kristiansson, P.; Nilsson, E. J.

Spectrom., DOI:10.1039/C2JA10373G

C.; Nilsson, C. STIM evaluation in GeoPIXE to complement the quantitative dynamic
analysis. NIM B 267 2009 2080-2084
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Quantitative IBA microscopy on lateral highly inhomogeneous

3D Analysis of an Induced Murine Atherosclerotic Lesion by PIXE Stacking

meteorite samples
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Extraterrestrial research is dominated by high-tech, like spacecrafts or telescopes
and therefore highly cost-intensive. On the other side, meteorites provide a cheap
source of information about the creation and development of our and other solar
systems. Of particular interest is the concentration of trace elements in the rock
building crystals of meteorites. The knowledge of trace the element concentration in
certain crystals enables to reconstruct the geological history of minerals, like
temperature and pressure conditions during growing and alteration. These crystals
can often be found in close proximity to massive iron-nickel grains. A challenge for
ion beam analysis methods, like particle induced x-ray emission (PIXE) or Rutherford
backscattering spectrometry (RBS), on such inhomogeneous samples is strongly
varying dead time of detector electronics leading to incorrect concentration mapping
on a local scale. To solve this problem, a noise triggered setup was developed that
generates defined pulses, which are fed into the preamplifier of the detector
electronics and act as pseudo events in the data processing. A comparison of the
number of generated and processed pulses allows the computation of a dead time
map for the correction of the collected spectrum on a pixel per pixel basis. The iron
distribution of a chondrule of the meteorite sample PL90305 of Acfer 094 shown
below illustrates the benefits from a lateral dead time mapping. The corrected false
colour map seems to contain less structural information, but in fact now displays the
correct concentration values and puts them in proper relation.

Department of Physics, University of North Texas, Denton, US

Particle Induced X-Ray Emission (PIXE) is one of the few methods capable of
quantifying multiple elements simultaneously with high sensitivity. Combined with an
energetic microbeam, it provides 2D quantitative element distribution maps with submicron spatial resolution. It has, thus, manifold applications in biomedical research.
However, the specimens to be analysed have to be thin (5-15 µm), in order to avoid
deterioration of beam resolution due to straggling over the specimen thickness. A
three dimensional volumetric analysis of thicker specimens is possible by PIXE
tomography. But, due to high fluences during the tomographic experiments, there is
considerable specimen damage. Further, there are certain limitations on the
specimen geometry, which makes this method unsuitable for the analysis of many
biological samples. A mouse artery is around 800 µm in diameter and an induced
atherosclerotic lesion is spread several hundred micrometers across the length of the
artery. We present an alternative way of 3D analysis by means of stacking the areal
quantitave maps of cross-sections of the lesion. The lesion was induced in a LDLreceptor deficient mouse by feeding it on high cholesterol semi-synthetic diet. At the
age of 20 weeks it was sacrificed. The brachiocephalic artery was removed and
frozen in mounting medium. At least, 40 adjacent sections of 10 µm thickness each
were prepared and analysed with PIXE. The resulting 2D quantitative element maps
were stacked and aligned with a purpose-written software to reconstruct a 3D
quantitative element visualisation.
[1] T. Reinert, et al., Nucl. Inst. Meth. B249 (2006), 734.
[2] Aldons J. Luis, Nature, 407 (2000), 233.
[3] F. Watt, et al., Nucl. Inst. Meth. B249 (2006), 646.

Without dead time correction

[4] D. Teupser, et al., Arterioscl. Thromb. Vasc. Biol., 23 (2003), 1913.

With dead time correction
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3D imaging of cells using limited-angle STIM and PIXE tomography

analysis combined with micro-PIXE
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The technique of STIM tomography is well-suited for the three-dimensional
Growing interests are being paid for the behaviour of several kinds of aerosols,

characterization of biological microsamples. Mathematically, a set of projections

known as a long-distance transmission medium of microbes and the viruses in the

covering an angular range of 180° contains sufficient information to reconstruct the

atmosphere. Researchers had related these kinds of aerosols, called as bio-

sample. Yet for the analysis of cells fixated on a substrate only a limited angular

aerosols, with the infection expansions [1]. The detection techniques were therefore

range of ca. 120° can be realized experimentally. This makes it necessary to employ

intensively developed for the prevention of the pandemic expansion of infections and

iterative reconstruction algorithms which compensate for the missing data. At

revealed that the peculiar fluorescence is released from these organic-inorganic

LIPSION a software based on the maximum entropy principle has been implemented

complex particulate targets by the external excitations. However, it was quite difficult

which allows limited-angle reconstruction of fixated cells combining STIM and PIXE

to analyze fluorescence from individual particles with conventional fluorescence

tomography. For the demonstration of the method a sample of HEK293 cells

analysis because of the size of particulate aerosols.

incubated with iron-coated silica microparticles (3µm) and fixated on a substrate was

The microscopic spectroscopy and imaging system of ion-microbeam-induced

examined.

luminescence (Ion-Luminescence, IL) is being developed on the beam line of micro-

The sample was mounted on a rotation axis and scanned with a beam of 2.25 MeV

PIXE analysis system of a 3 MV single-ended accelerator at Takasaki TIARA facility,

protons from various angles ranging 120°. Afterwards a series of elemental maps of

TARRI, JAEA [2], In this study, individual imaging and analysis of specific kind of

the sample was obtained using PIXE under different rotation angles. In the three-

aerosols targets were performed using this system for the characterization of

dimensional reconstruction of the cell, density information obtained from STIM was

fluorescence properties of micrometer-sized particulate aerosols. Then the

superimposed with elemental information obtained from PIXE. The reconstruction

monochromatic IL images were obtained from several aerosol particles with

showed that the microparticles were indeed incorporated by the cell and that the iron

wavelength at a band around 415nm and 430 nm. The IL spectra obtained from

on their surface was visible.

aerosol target were also observed to be clearly different from other silicon dioxide
particles. Results will be discussed in the presentation.
[1] Y. Iwasaka, G.-Y. Shi, M. Yamada, F. Kobayashi, M. Kakikawa, T. Maki, T. Naganuma, B.
Chen, Y. Tobo and C. S. Hong, Air Quality Atmosphere and Health 2(2009) 29
[2] W. Kada, A. Yokoyama, M. Koka, T. Satoh, and T. Kamiya, Int. J. of PIXE 21 (2011) 1

Fig. 1: Optical micrograph (a) and tomographic reconstruction (b) of cell containing silica
microparticles (white structures).
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Simultaneous Proton Induced X-Ray Emission Tomography, Scanning Transmission

LIP-Coimbra and Departamento de Física, Universidade de Coimbra,
3004-516 Coimbra, Portugal

Ion Microscopy and Rutherford Backscattering Spectroscopy were performed at the
Instituto Tecnológico e Nuclear. To combine into a quantitative 3D image, various

4

Université de Bordeaux, CNRS, IN2P3, CENBG, UMR 5797,F-33170 Gradignan, France

algorithms have been developed. The most complete is the Discrete Image Space
Reconstruction Algorithm developed by Sakelleriou [1]. This iterative algorithm

Scanning transmission ion microscopy tomography (STIM-T) with a proton beam has

simulates PIXE Tomography and the X-ray attenuation by segmenting the Si(Li)

been recently implemented at the ITN nuclear microprobe using different

detector and determining the attenuation from each voxel to each segment for each

configurations. First results on a SiC/AlN microcomposite sample are reported

projection and for each characteristic X-ray produced. A demanding challenge is to

together with a detailed description of the system developed, including the 5 degrees

get sufficient counts while retaining a small beam. Therefore a high geometric

of freedom positioning sample holder mounted on a computer controlled rotational

efficiency is required. However, as the detector solid angle increases, the

stage. Furthermore the, selection, implementation and testing of existing pre-

calculations required increase substantially.

processing methods was also performed to correct for fine geometric misalignments

The Common Unified Device Architecture (CUDA) is the NVIDIA GPU architecture to

that inevitably remain and detection inaccuracies occurring during the acquisition of

enable easy general purpose programming of GPU´s and to enable massively

projections. The filtered back projection (FBP) algorithm was then employed for the

parallel programming. Since DISRA was developed, memory of computers has

three dimensional (3D) reconstruction. The mass density of the AlN layer was also

increased substantially. Therefore some of the techniques to save memory in DISRA

determined. Furthermore, the results obtained in the on-axis configuration were

are no longer significantly important. To simplify the development of PIXE

compared with those published earlier by the CENBG group [1].

tomography simulation, a new simulation of 3D PIXE has been written in Java and

[1] C. Michelet-Habchi, S. Incerti, P. Aguer, Ph. Barberet, E. Gontier, K. Grente, Ph.

CUDA to calculate X-ray attenuation using large detector areas The results of a

Moretto, D.T. Nguyen, A. Pouthier, T. Pouthier, F. Rebillat, R.W. Smith, Nucl. Instr. And

simulation of a phantom are presented, using DISRA, a Java-based simulation using

Meth. B 231 (2005) 142-148.

the CPU and using CUDA. The simulation is also applied to a real data.
This work is supported by PTDC/FIS/115089/2009.
[1] A. Sakellariou, D.N. Jamieson, G.J.F. Legge. Nucl. Instr. and Meth. B, 181 (2001) 211
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Use of STIM for Morphological Studies of Microstructured Polymer Foils
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3D elemental reconstruction of a micro-particle with confocal PIXE
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The confocal PIXE method has proven useful for depth and three-dimensionally

Nuclear Physics Institute, 25068 Rež, Czech Republic5

resolved analysis of different objects. Initially, the technique was studied at JSI by an

Faculty of Physics, PUCRS, Av. Ipiranga 6681, Porto Alegre, RS, Brasil

improvised confocal system [1,2]. Recently, a dedicated system for confocal

3
4

Proton Beam Writing is an important technique for fabrication of various devices with
applications on different areas such as microfluidics, tissue engineering substrates
and
microphotonics, among others. The characterization of structures made through this
technique is important for improving their overall quality, thus ensuring the best
possibilities for the application of interest. Scanning Transmission Ion Microscopy
(STIM) is a powerful tool for morphological characterization of such structures due to
its sensitivity to local mass density and thickness. Moreover, it is relatively fast and
non destructive. In an homogeneous substrate, this technique can contrast the
fabricated structures from the non irradiated portion of the sample, thus enabling the
determination of the structural dimensions.
This work presents the morphological characterization of microstructures produced
on commercial polyethylene terephthalate foils by STIM using on-line and off-axis
detection and a 1MeV H+ beam. Lines of ~110 x 10 µm were structured on the foils
by a combination of proton beam writing and chemical etching in a 6M NaOH
solution. The foils were irradiated with 3 MeV protons and subsequently etched for
times varying from 5 to 60 min.
STIM data was used to determine the influence of fluence and etching time on the
size of the microstructures and the thickness of the pristine and processed polymers.

measurements was put in operation [3].
The new confocal PIXE set-up at JSI consists of a silicon-drifted detector, specially
designed polycapillary lens and a snout-alignment interface, which enables fast and
precise confocal alignment. The combination of beam scanning and sample
translation opens a possibility of elemental tomography of microparticles. Standard
sample mounting for micro-PIXE or EDX is used.
Various types of polycapillary lenses were attached to the confocal system in order to
determine their physical characteristics. Emphasis was given to the transmission
efficiency of the X-ray lenses, as the information on the efficiency enables
quantitative confocal PIXE analysis.
Three-dimensional elemental reconstruction of a gunshot residue particle, composed
mainly of two X-ray visible elements Ti and Zn, was carried out. The 3D
reconstruction of microparticle composition consisted of two visible elements from a
sequence of X-ray maps recoded at the specific geometry requires a generalisation
of the reconstruction algorithm [4].
[1] A-G. Karydas, D. Sokaras, Ch. Zarkadas, N. Grlj, P. Pelicon, M. Žitnik, R. Schütz, W.
Malzer, B. Kanngießer, J. Anal. At. Spectrom., 22 (2007) 1260.
[2] M. Žitnik, P. Pelicon, K. Bučar, N. Grlj, A-G. Karydas, D. Sokaras, R. Schütz, B.
Kanngießer, X-Ray spectrom., 38 (2009) 526.
[3] N. Grlj, P. Pelicon, M. Žitnik, P. Vavpetič, D. Sokaras, A-G. Karydas, B. Kanngießer, Nucl.

Moreover, STIM images clearly revealed a distribution of internal cavities along the

Instrum. Methods Phys. Res., Sect. B, 269 (2011) 2237

structured walls for etching times above 20 min. This is attributed to thermal effects

[4] M. Žitnik, N. Grlj, P. Vavpetič, P. Pelicon, K. Bučar, D. Sokaras, A.G. Karydas, B.

and outgassing during the ion beam writing, which probably create voids that are

Kanngießer, J. Anal. At. Spectrom. 25 (2010) 2

enlarged by the long exposure to the etching solution.
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