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Accelerator laboratory of the Ru er Boškovi  Institute
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Ž. Pastuovi 1), Ž. Periša1), I. Bogdanovi  Radovi 1), Z. Siketi 1), N. Skukan1), T. Tadi 1)

1) Laboratory for ion beam interactions, Department of experimental physics, Ru er
Boškovi  Institute, P.O. Box 180, 10002 Zagreb, Croatia 
2) Tokyo University of Science, Campus Suwa, Tokyo, Japan 

E-mail address of main author: jaksic@irb.hr 

The accelerator laboratory of the Department for Experimental Physics of the Ru er Boškovi
Institute (RBI) in Zagreb, Croatia, has been recently upgraded by the acquisition of new 1.0 
MV High Voltage Engineering Tandetron accelerator. Accelerator has been installed between
autumn 2004 and spring 2005 in a new experimental hall. It is attached to an old accelerator
hall that houses 6.0 MV EN Tandem accelerator since 1985 when it was donated to the RBI 
by the Rice University from Houston (USA), where it was installed in 1963.

The increased demand for applications of the ion beam analysis techniques in many different 
areas justified a need for new and reliable accelerator with small running costs that will be
able to take over the most of the routine analytical work. Moreover, recent developments of
nano science and technology moved our scientific interest to submicron dimensions,
increasing the need for small range heavy ions of sub MeV energies. By selecting 1.0 MV 
accelerator the most of these needs could be met. Beams of ions with energies above 2 MeV 
will remain to be produced by the 6.0 MV Tandem, which is more and more needed due to
the decrease in number of such accelerators around the world.

Alphatross
ion source

0.5 - 6 MV EN Tandem
accelerator

HR - ERDA
spectroscopy

nuclear
microprobe

"sputtering"
ion source

nuclear
reactions

IAEA
beam line

1 m

high resolution
x-ray

spectrometer

"sputtering"
ion source

direct extraction
duoplasmatron

0.1 - 1.0  MV
Tandetron

PIXE
external beam

materials
modif.

Figure 1. Layout of the accelerator setup at the Ru er Boškovi  Institute. Grey lines represent
planned installation.
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As seen in Figure 1, the 6.0 MV accelerator is equipped with two negative ion sources. The 
NEC Alphatross ion source is used to produce H and He beams, while the in house made 
sputtering ion source is used mostly for the extraction of heavier ions such as Li, C, O, Si, etc. 
The 1.0 MV accelerator has presently only direct extraction duoplasmatron ion source for 
production of H ions. Installation of new sputtering source is planned in the near future. 
The old experimental hall  houses 5 beam lines, including nuclear microprobe (at 450) and the 
IAEA beam line (at -150) equipped for routine PIXE (Particle Induced X-ray Emission) and 
RBS (Rutherford Backscattering) analyses. The central 00 beam line has been just 
commissioned with a new TOF (time of flight) ERDA (Elastic Recoil Detection Analysis) 
system for depth profiling of elements in thin surface layers at nanometer depth resolution. 
The 150 beam line is used for nuclear reaction studies involving light ions, while 300 beam 
line incorporates high resolution X-ray spectrometer for studies of chemical effects in PIXE 
spectra. Nuclear microprobe system with quadrupole doublet features a new design chamber 
equipped with a load lock sample changer, sample stage heating and cooling, IEE (Ion 
Electron Emission) ERDA system as well as other techniques like PIXE, RBS, STIM, IBIC). 
Significant activity in recent years has been devoted to the development of computer aided 
controls. Until today, several separate systems have been developed to control either 
accelerator operation or experiment performance. These are: 

1. ACCEL6 – system for the distance control of the 6.0 MV tandem, its ion sources and 
power supplies for all beam transport components (dipole and quadrupole magnets, 
lenses and deflectors), including automatic adjustments for change of ion and energy. 

2. ACCEL1 – the same as ACCEL6 but for controlling the 1.0 MN tandem and its beam 
transport elements. 

3. SPECTOR – data acquisition system for multiparameter experiments developed 
particularly for nuclear microprobe applications. It includes modules for beam 
scanning control and sample micromanipulation. 

4. MOTOR + SPECTOR – multiparameter data acquisition system that includes video 
control of sample positioning and detector power control at the IAEA beam line.

Our accelerator facility is active in the following application areas:  
1. Nuclear and atomic physics (light nuclei nuclear reactions, inner shell ionization, 

elastic scattering processes of importance to RBS and ERDA),  
2. Materials science and applications (transport of charge carriers and creation of defects 

in semiconductors,  analysis of thin films, modification of insulators), 
3. Applications of PIXE and RBS in: 

a. Study and conservation of national cultural heritage 
b. Biomedical applications 
c. Industrial applications (development of new technologies of cement production 

and  solar cells based on amorphous silicon) 
d. Air pollution monitoring and other analytical applications. 

As the RBI accelerator laboratory is one of the largest scientific facilities in Croatia, it is 
expected that its utilization covers not only research, but also education as a base for 
technology transfer for commercial applications. 
We acknowledge the financial support of the IAEA Technical Co-operation Programme and 
Ministry of science and technology of Republic of Croatia. We also express our gratitude to 
Dr. G. Possnert from University of Uppsala and Dr. G.W. Grime and Mr. M. Marsh from 
Oxford University for providing the ion source, its vacuum system and many other 
components of the facility. We are grateful to Dr. S. Mar elja, former Director of RBI for his 
continuous support during accelerator installation, as well as Dr. V. Valkovi  who founded 
the accelerator laboratory. 
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Status of Heavy Ion Accelerator Technology activities at BARC

P V Bhagwat *
Pelletron Accelerator Facility,
Nuclear Physics Division, BARC, Mumbai, India.
E-mail: Pramod@tifr.res.in

Abstract
The Pelletron Accelerator Facility has been set up under a collaborative project of the Bhabha

Atomic Research Centre (BARC) and the Tata Institute of Fundamental Research at the campus of
TIFR in South Mumbai. The facility is based on a 14 million volt tandem electrostatic accelerator
capable of providing beams of accelerated nuclear particles such as protons, alpha particles and
different types of heavy ions at energies sufficiently high for conducting nuclear research in a variety
of new and interesting regimes. The accelerator has been in operation for last sixteen years
progressively with increased efficiency. An ion source test bench has been set up for development of
various ion beams. The technique of multi -element cathode samples has been indigenously developed
to extract different ion species from the same cathode and work on multi-cathode SNICS ion source is
at advanced stage of completion. The original NEC column structure had corona grading for potential
distribution, which has been converted to a resistance grading system. As a result, the perform ance of
the accelerator has improved significantly. The accelerator has a high uptime and routinely operated
on higher side at 13 MV and on lower side at 2.5 MV. An offset quadrupole has been indigenously
developed to select a particular charge state after the terminal stripper. The technology demonstration
of this quadrupole was recently carried out with 28Si ion beam at 15 MeV. A double drift tube
harmonic buncher, operating at 10 & 20 MHz, has been developed indigenously to pulse the dc beam
to 1-2 ns pulse width. The buncher has been in operation for last several years.

One of the milestones of our facility is the development of Technology of lead-plated superconducting
quarter –wave resonators as a part of Linac booster for increasing the energies of heavy ion beams
available from the Pelletron Accelerator. On September 22, 2002 first phase of Linac consisting of
three modules with four resonators each was commissioned. The 28Si beam at 85 MeV from the
Pelletron Accelerator was injected into Superconducting Linac and beam was further accelerated to
137 MeV. Subsequent to this event, this part of the Linac has run continuously for a number of weeks
and during this period Linac controls were tuned so as to get the optimum performance for a few
nuclear physics experiments. The work on the accelerating modules for Phase II of the Linac is
continuing. Various beam line components, power supplies, control centers, cryogenic lines, RF
amplifiers and cryostats have been developed indigenously. The construction of the new beam hall for
utilizing Pelletron-Linac facility is completed.

A 6 MV Folded Tandem Ion Accelerator has been developed indigenously at Nuclear Physics
Division, BARC. The accelerator is housed inside an old pressure vessel which was used for Van-de-
Graaff accelerator. The design of high voltage column was a challenging task and after a series of
experiments on dummy column posts, the column was constructed by 1998 and high voltage test was
performed. The charging system, rotating shaft, 180 degree bending magnet, power supplies for
various magnets, Accelerator control system, Ion source etc have been developed indigenously. This
facility was operated with N2 + CO2 at low terminal voltage and currently high voltage trials with SF6

are underway.

An alternate positive ion injector to superconducting Linac, comprising of an ECR source followed by
a Radio Frequency quadrupole and superconducting Niobium cavities will be developed for further
enhancing the available beam species and energies. The proposed facility will enable the study of
reactions above the coulomb barrier even for heavier systems. At present we are concentrating in
development of technology of Radio Frequency quadrupole and Nb sputtering.
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[1] Improvement in performance and operational experience of 14 UD Pelletron
Accelerator Facility, BARC-TIFR, Mumbai at the 9th International conference on Heavy
Ion Accelerator Technology, HIAT-2001 at Nuclear Science Centre, New Delhi. Also
published in Pramana-Journal of physics, Vol 59, pp 719-724 (2002)

[2] Development of a superconducting Linac booster for the Pelletron at Mumbai,
M.B.Kurup, Pramana-Journal of physics, Vol 59, pp 811-820 (2002)

[3] Status report on Folded Tandem Ion Accelerator at BARC, P.Singh et al, Pramana-Journal of
physics, Vol 59, pp 739-744 (2002)

* on behalf of colleagues in BARC//TIFR.
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Development of an AMS Facility with the 6MV EN Tandem 
Accelerator at iThemba Labs – Johannesburg 

E. Sideras-Haddad1†, Lowry Conradie2, Kamela Sekonya1

School of Physics, University of Witwatersrand, South Africa 
iThemba LABS, PO Box 722, Somerset West 7129, South Africa. 

† Corresponding author. Phone: +27 11 717-6843 email: haddad@src.wits.ac.za

The role of ultra-low-level long-lived radionuclides in almost every scientific discipline 
is of paramount importance. In the twenty five years since the first demonstration that 14C
could be detected at natural levels using tandem nuclear accelerator as a mass 
spectrometer, the AMS (Accelerator Mass Spectrometry) technique has developed into a 
major analytical tool. The thrust of the technique lies on its sensitivity (as much as 
million times better than conventional mass spectrometry), small sample size (1000 times 
smaller than decay counting) and high throughput. It is of great importance to obtain 
AMS capability in Southern  Africa as this would be particularly beneficial in scientific 
and technological spheres such as Environmental Sciences, Climatology and Global 
Climate Change, Earth Sciences and Geosciences, Oceanography, Hydrology, 
Archaeology and Anthropology, Palaeontology, Biomedicine and Radioactive Waste 
Management and Radiation Safety. 

Presently there are about 50 AMS facilities world wide, with only 5 in the Southern 
hemisphere (two in Australia, one in New Zealand, one in Brazil and one in Argentina ).  
It is essential that an AMS facility must be developed in the African continent in order to 
support frontier level research across the broadest range of disciplines by fulfilling the 
new specific needs of science and technology for ultra-rare isotope detection and to 
ensure both the preservation and development of scientific infrastructure and therefore 
the enhancement of good quality research that has its main themes and origins in the 
African continent.

Here we report on the status of work at iThemba Labs and Wits University to develop a 
capability for accelerator mass spectrometry (AMS) making use of the 6 MV EN Tandem 
Accelerator. AMS makes use of nuclear accelerators of the so-called “Tandem” type. The 
only tandem accelerator under operation in the African continent resides at iThemba Labs 
in Johannesburg, within the campus of the University of the Witwatersrand.  

The completion of the facility calls for a number of equipment to be modified upgraded 
or purchased. In this respect, the iThemba EN Tandem lab is presently undergoing a 
multi-million rands upgrade. New spirally inclined field tubes and shielded column 
grading resistors are being installed. The Van de Graaf belt is being replaced with a 
pelletron chain charging system in order to improve the stability of the accelerator. The 
stripper system will be kept as is, however, a recirculating stripping gas scheme is being 
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implemented. The insulating gas, a mixture of nitrogen and carbon dioxide, will be 
enriched with 6% SF6.  

The low energy injection spectrometer is based on sequential injection of isotopes. The 
mass switching is achieved by bouncing a 90o double focusing magnet with a radius of 
650 mm. A dedicated high current multicathode AMS source from HV Engineering 
Europa will be used to produce the isotopes of interest. The design of the low energy 
system with all necessary optical elements (einzel lenses, steerers, electrostatic analyzer) 
and components is being carried out and finalized through beam optics calculations.  

The post accelerator spectrometer has the quadruple doublet magnet after the exit from 
the tandem replaced with a triplet in order to improve the symmetry of the phase space 
ellipse. A new double focusing magnetic analyzer, donated by the Neils Bohr Institute, 
with a 1000 mm radius and large acceptance will bend the ions by 90o. A new design 
calls for the replacement of the existing switcher magnet with an appropriate 90o mass 
analyzer. A 600 mm Wien filter donated by Simon Frazer University from their old AMS 
facility at McMasters University, will be used as velocity selector. The isotopes are 
finally directed into a DE/E detection telescope donated also by Simon Frazer University. 
This consists of an ionization chamber with four anodes and a solid state stop detector at 
the back.

The expected research outputs with particular relevance to Southern Africa cover a wide 
range of scientific disciplines

Climatic Studies 
Research in global and regional climate change based on long lived cosmogenic isotopes 
in the atmosphere such as 14-C, 10-Be and 36-Cl. These isotopes enable studies of 
longer-term climatic change and geologic processes and make possible to establish the 
ocean circulation patterns and rates which are strongly coupled to climate, such as the El
Ninõ effect. South Africa provides an advantage in such ocean circulation patterns studies 
with its unique geographical location being at the meeting point of the Atlantic and 
Indian Oceans.

Characterization of anthropogenic and fossils sources of atmospheric pollution
 AMS measurements of 14-C can determine the age of sources of carbon containing 
atmospheric trace gases. In this way it can resolve the controversy of how much of the 
atmospheric content for some of these gases is derived from human combustion of fossil 
fuels as opposed to natural sources (wood/plant burning sources). South Africa’s energy 
is produced by about 90% in coal power stations with an enormous gas emission to the 
atmosphere.  

Characterization of Regional Groundwater Systems 
The advantage of AMS for Isotope Hydrology would lie principally in the ability to 
measure very small samples of 14-C and in the longer lived or low level isotopes such as 
36-Cl. Isotope hydrology studies are vital for the entire Southern African region with a 
strong desert and semi-desert nature and scarce water resources. 
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Anthropology, Archaeology, History and Preservation Technology
AMS has made significant contributions in dating precisely the transition to the 
cultivation of crops, the age of stone tools, prehistoric rock painting, and other events and 
artifacts of historical importance. The requirement of microgram sized samples makes the 
technique non-destructive and enables to be used in sensitive artifacts such as the Sun’s 
paintings and historic pottery. The Sun people’s paintings are one of the few well 
preserved artifacts from hunter-gatherer societies and the ability to date possible small 
amounts of organic carbon will give unique insight to migration periods of both Sun and 
newcomers of Bantu origin.  

AMS in Biomedical Dosimetry 
 The high sensitivity of the technique for long-lived isotopes makes it possible to measure 
one to five orders of magnitude increases in the sensitivity of DNA adduct detection. This 
allows to test assumptions about the physiological response to small doses of carcinogens 
to specific nucleotides that can be recognized at ng/kg exposure levels. Experiments at 
the Lawrence Livermore Lab have demonstrated the usefulness of AMS in 
pharmacokinetic studies and in highly specific radio-immunoassays. Biomedical-AMS is 
one of the fastest growing applications of the AMS technology.

Qualifying Therapeutic Drugs 
 The use of AMS, with its ability to detect mutagenic chemical attached to DNA, in 
eliminating, early in the process, unsuitable drug candidates, can have enormous research 
and financial benefits to pharmaceutical research.

Research in Earth Sciences and Geosciences 
The high sensitivity of AMS makes it possible to use 10Be measurements in establishing 
erosion rates of rocks, dating of young volcanic flows, marine and lake sedimentation 
rates, which constitute a significant part of the research in Southern Africa. 10Be, 14C 
and 36Cl are also important for polar ice and meteorite research in the arctic regions. In 
the sphere of Geosciences, AMS applications have hitherto concentrated on the use of 
cosmogenic isotopes and rare in-situ produced isotopes for geomorphological and 
geophysical studies.  Special features of AMS lend themselves to more general 
applications to other isotopes and geochronological systems.  

Ultra-sensitive Trace Element AMS (TEAMS) Applications in Materials Science.
TEAMS has already been established in certain labs overseas for applications in the 
semiconducting industry. Here, TEAMS will be applied in certain studies related to 
dopants and impurities in diamond. 

Dating Studies of Elephant Tusks and Rhino Horns with AMS 
There are already promising results from three elephant tusks. The data are of good 
quality and follow the “nuclear bomb pulse” well. Statistical models are now being 
applied. The method must now be extended to include measurements on rhino 
horns.These are to be performed at CAMS/LLNL. The results so far, were presented at 
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the International AMS conference in Japan last year and the presentation was awarded 
the first prize as one of the most original new applications of AMS in park management 
and forensics. The research now is extended to include measurements from rhino horn 
specimens.  

Potential  Isotopic Tools for Paleodating with  AMS 

Investigations of the possibility of using that 36Cl and particularly 26Al/10Be as 
chronometers for paleontology. Samples from the world largest  pools of 
Australopithecus Africanous including the Sterkonfontein cave form of rocks from 
different stratigraphic layers and also from bones will be analysed in order to establish 
possible new paleochronometers. 
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High throughput, high precision 14C AMS with a small accelerator

J. Southon, E. R. M. Druffel, S.Griffin, G. M. Santos, S.E. Trumbore, X. Xu

Earth System Science Dept, University of California, Irvine, CA 92697-3100, USA

jsouthon@uci.edu

With the development by a ETH Zurich - National Electrostatics Corporation (NEC)
collaboration of a new generation of small AMS spectrometers [1], the costs of this
analytical technology for radiocarbon measurements have dropped sharply in recent
years. The price tag of ca. US $1.3M for a Compact (small tandem) AMS
spectrometer or $1M for the newer Single Stage (high voltage deck) system still
represents a major investment, but this can be well justified if such a facility is capable
of producing several thousand high precision 14C analyses per year.

The  Keck Carbon Cycle AMS laboratory at University of California Irvine [2] was
set up in 2001 - 2002 to use radiocarbon AMS to help understand the carbon cycle
and its interactions with the climate system. The system is based on a NEC 1.5SDH-1
0.5MV pelletron with 40-sample MC-SNICS ion source, and is the third Compact
production model. 2.5 years after the system was installed, the system is routinely
measuring 500-600 unknowns per month, measurement precisions are typically 2-
4‰, and backgrounds for graphitized coal and calcite samples are equivalent to
radiocarbon ages of ca. 55kyr.

Other researchers [3,4] had already shown before our system was purchased that
these small commercial spectrometers were capable of high precision measurements,
and importantly, that the NEC hardware and software systems were capable of
reliable unattended operation.  However, several additional factors have also proven to
be key for our attempts to meet the twin goals of high throughput and high precision.

Large-scale parallelism in sample preparation coupled with streamlining of sample
pretreatment procedures is essential for high throughput and rapid sample turnaround.
We currently operate two sample laboratories at UC Irvine (one using hydrogen
reductions for graphitization and one using sealed tube Zn reductions) with a
combined capability of up to ca. 80 samples per day, and we also receive samples
from three external graphite laboratories.

A robust and easily maintainable ion source capable of producing intense negative
carbon ion beams is the key spectrometer item for achieving high throughput at high
precision: there is simply no substitute for raw count rate. Ion source upgrading [5]
has been a major part of our in-house development program, with changes for
improved reliability and serviceability at least as important as modifications for
improved output. Currently, the source produces 100-150 µA of C-, sufficient to
measure a wheel of 40 samples to 2-3‰ in less than 24 hours. Turnaround times after
a wheel change are less than one hour, and a complete source cleaning (required every
few weeks) takes 6 hours or less.
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Removal of data analysis bottlenecks is also essential for high throughput. We
continue to use NEC's acquisition software but adopted the Lawrence Livermore
"Fudger" AMS analysis code (T.Ognibene, pers. comm.) to minimize the time
required for data analysis, which in favorable cases requires significantly less than one
hour for a 40-sample wheel.

A fourth major component has been personnel training to ensure that most laboratory
functions can be carried out by at least two, and preferably several, staff members. We
curently have about ten people (including student helpers) who can prepare samples,
eight who can analyze data, and five who can change sample wheels and tune and
operate the spectrometer. This duplication has allowed us to keep up with the high
sample throughput while maintaining quality control procedures such as independent
analyses of all data by two researchers. Similarly, complete ion source rebuilds and all
but the most severe spectrometer breakdowns can be handled independently by at
least two laboratory members.

We thank the W.M.Keck foundation, the Dean of Science, UC Irvine, and the National
Science Foundation (EAR/IF 0326205) for support.

[1] SYNAL, H-A. et al., The PSI/ETH small radiocarbon dating system, Nucl. Instr.
and Meth. B172 (2000) 1-7.
[2] SOUTHON, J.R. et al., The Keck Carbon Cycle AMS laboratory, University of 

California, Irvine: Initial Operation and a Background Surprise, Radiocarbon 46
(2004) 41-50.
[3] ROBERTS, M.L., et al., The 14C AMS system at the University of Georgia,
Nucl. Instr. and Meth. B 223 (2004) 1-4.
[4] GOSLAR, T.F., et al., Low-energy 14C AMS in the Poznan Radiocarbon
Laboratory, Poland, Nucl. Instr. and Meth. B 223 (2004) 5-11.
[5] SOUTHON, J.R. and SANTOS, G.M., Ion source Development at KCCAMS, 

University of California Irvine, Radiocarbon 46 (2004) 33-40.
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AMS with 10Be from Environmental Samples 

A. Priller, R. Golser, W. Kutschera, P. Steier, A. Wallner, E.M. Wild 

Vienna Environmental Research Accelerator (VERA), Institut für Isotopenforschung und 
Kernphysik,Universität Wien, Währinger Str. 17, A-1090 Wien, Austria 

E-mail: Alfred.Priller@univie.ac.at 

Rare radionuclides in our environment, even in very small concentrations, carry a lot of 
information. Their measurement in atmo-, bio-, cosmo-, cryo-, litho-, and technosphere, 
provides data needed by different research fields for a better understanding of transport 
processes, erosion rates, past climate conditions, and nuclear waste management, to mention 
only a few. Sample materials containing radionuclide information are for example aerosols, 
glaciers, surface rocks, minerals, cosmic rays, or man-made things. 
The highly sensitive method of accelerator mass spectrometry (AMS) allows investigating 
domains, where only a relative small amount of sample material is present while having a 
high dynamic range of concentration levels.  
This paper will focus on AMS with 10Be. This radionuclide with a half-life of 1.5 Ma is well 
suited for investigations of atmospheric transport processes, and for the study of paleoclimate 
conditions. AMS is capable of measuring isotopic ratios of radionuclide versus stable nuclide; 
i.e.10Be/9Be, which typically lies between 10-14 and 10-12. Such ratios correspond to sample 
sizes of grams for sediments and 1000 m3 standard cubic meter for air, respectively.
Examples for the potential of AMS with 10Be at the Vienna Environmental Research 
Accelerator laboratory (VERA) are the measurement of 10Be concentrations in air sampled at 
high-mountain stations in Europe, and the measurement of the amount of 10Be in samples 
from the loess Plateau in China.  

For STACCATO (Influence of Stratosphere-Troposphere Exchange in a Changing Climate on 
Atmospheric Transport and Oxidation Capacity), a Fifth Framework EU-Project, a data set 
had to be created to validate model results and to provide an independent estimate of the 
strength of stratosphere-troposphere exchange (STE). This included the first long-term 
monitoring of the two radionuclides 7Be (t½ = 53.3 d), measured by gamma spectrometry, and 
the long-lived nuclide 10Be.
Using a single radionuclide alone as a stratospheric tracer isn’t ideal. For instance, 
approximately one third of the 7Be is produced in the upper troposphere. It attaches to 
aerosols and is removed from the atmosphere by wet scavenging. A way around the 
difficulties with wet deposition is to use the concentration ratio of two radionuclides, which 
are both produced in the stratosphere. Since both, 7Be and 10Be, are scavenged in the same 
way, their ratio is independent of this removal process. Hence, the ratio 10Be/7Be can provide 
valuable information on stratospheric air in the troposphere.  
Aerosol sampling was performed at three high-alpine meteorological stations: at 
Jungfraujoch, Switzerland (3580 m asl), at Hoher Sonnblick, Austria (3106 m asl), and at 
Zugspitze Germany (2962 m asl). The aerosol filters were measured for their 7Be activity 
using its characteristic gamma-radiation. Two AMS facilities performed the 10Be
measurements, the one of the Paul Scherrer Institute at the Institute of Particle Physics of the 
ETH Zurich, Switzerland, and VERA, Austria [1].

VERA in Vienna and the Institute of Earth Environment, Chinese Academy of Sciences 
(IEECAS) in Xi’An carried out a joint investigation of samples taken by IEECAS from a 
loess-paleosol sequence at Luochuang, China. The 13-m long sequence with a resolution of 1 
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cm (time resolution is about 100 years) covers the time back to the start of the last interglacial 
(about 130 ka). At Vienna the 10Be concentration of a subset of about 400 samples taken over 
the sediment sequence has been measured using the AMS method.  
The loess plateau of central China provides an important, high-resolution terrestrial record of 
paleoclimate and paleomagnetic conditions. The 10Be concentration in loess samples contains 
the combined information on the radioisotopes production rate in the atmosphere as well as 
the conditions for the transport of the 10Be from its production to its deposit. 
The variability of the Earth’s magnetic field should be represented by the variability of the 
production rate of the radioisotope. The intensity of the loess samples magnetic susceptibility, 
which is a proxy for the amount of wet precipitation in the area investigated, together with 
their respective 10Be concentration, contains the information needed to deduce information on 
the history of the Earth’s magnetic field.  
First results of a high-resolution paleomagnetic intensity record derived using the 10Be
measurement will be presented. 

[1]  A. Priller et al. Accelerator mass spectrometry of particle-bound 10Be
Nucl. Instr. and Meth. B 223-224 (2004) 601-607. 
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Boundaries in Measuring different Pu isotopes via AMS and -Spectrometry

A. Wallner1, R. Golser1, E. Hrnecek2, W. Kutschera1, A. Priller1 and P. Steier1

1Institut für Isotopenforschung und Kernphysik der Universität Wien, VERA, Währinger 
Strasse 17, A-1090 Wien, Austria 
2ARC Seibersdorf Research GmbH, A-2444 Seibersdorf, Austria 

E-mail: anton.wallner@univie.ac.at 

The concentrations of rare radionuclides in our environment have the potential to provide 
unique information. The measurement of such radionuclides allows to trace anthropogenic 
activities or environmental processes. Man-made radionuclides will enter the environment via 
different processes, e.g. from nuclear weapons tests, as accidental local fallout products, from 
nuclear-fuel reprocessing plants, or from industrial or medical applications. For the 
transuranium elements like plutonium, by far their largest signals stem from artificial sources. 
Different kinds of origin are reflected in different signatures like isotopic ratios and 
concentration levels. Its detection represents therefore a proper means for proving human 
activity. Pu itself is one of the most hazardous elements. Appropriate detection methods are 
therefore of great interest. One of those, the radiometric methods, encompass either Alpha-
spectrometry for the -emitting isotopes, e.g. 238,239,242Pu, eventually in combination with -
spectrometry, or liquid scintillation counting (LSC), e.g. for the -emitting 241Pu. However, 
the low concentration levels of Pu and in many cases a disadvantageous decay scheme ask for 
techniques beyond common radiometric methods. Other, non-radiometric methods, which 
have been tested or have already been used in detecting Pu isotopes, are for example mass 
spectrometric (MS) methods, like ICP-MS, TIMS, RIMS, and also AMS. 

In this paper we will focus on the potential of AMS (accelerator mass spectrometry) in 
detecting plutonium isotopes because this technique offers among the highest sensitivity; it 
allows the measurement over a wide dynamic range of concentration levels and it offers the 
ability of an almost simultaneous quantification of most of the various Pu isotopes. It is the 
combination of those facts which speaks in favor of this technique. In addition, when 
combining AMS with -spectrometry, a comprehensive set of information on Pu in our 
environment can be obtained. 

AMS represents an analytical technique, commonly used for quantifying long-lived 
radionuclides within a wide range of applications. It has been utilized for the measurement of 
minute concentrations of isotopes over the whole mass range and is characterized by a low 
measurement background and a high detection efficiency. In contrast to other mass 
spectrometric techniques, like e.g. ICP-MS, AMS is not affected by isobaric molecular 
interferences. In addition, besides 238Pu, all other Pu isotopes do not suffer from stable 
isobaric interferences. The VERA (Vienna Environmental Research Accelerator) facility 
represents a state-of-the-art AMS system. It is based on a 3-MV tandem accelerator. It 
consists of a multi-sample negative ion source and it is designed to allow measurements of 
isotopes from 10Be up to 244Pu [1] 

Environmental samples from nuclear weapons test sites as well as reference samples have 
been analyzed for their content of Plutonium isotopes [2]. To this end 242Pu has been added as 
an internal standard to samples from the atolls of Mururoa and Fangataufa (south Pacific). 
Plutonium was chemically separated from the bulk material. Samples for -Spectrometry 
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were made via micro-precipitation with NdF3. And for AMS solid, conductive samples 
containing the Pu were prepared. In the cesium sputter source of VERA, Pu isotopes are 
extracted as PuO- ions, the various isotopes are separated by AMS and finally counted with a 
particle detector. Residual background is identified by using the combination of a time-of-
flight system and an ionization chamber.
244Pu has also a very interesting application in astrophysics. In appropriate archives on earth 
(e.g. deep-sea sediments) one may detect super-nova-produced 244Pu, supporting the first 
evidence for such a signal [3]. While the principle of the measurement is the same for 
environmental samples and such samples from non-anthropogenic reservoirs, the expected 
extremely small concentrations of 244Pu makes AMS the favourite method. This fact 
emphasizes the potential of AMS as a particularly suitable method for measuring Pu 
fingerprints in our environment. 

AMS measurements and as an independent method, -spectrometry measurements have been 
performed on various samples. A good agreement has been found between both techniques. 
Results for environmental samples as well as for reference materials using the AMS technique 
will be presented and compared with the results from -spectrometry. The detection limits, 
typical precision and reproducibility of those measurements as well as the potential of both 
techniques will be highlighted. 

[1] Steier, P., R. Golser, W. Kutschera, A. Priller, C. Vockenhuber, S. Winkler. „VERA, 
an AMS facility for „all“ isotopes”, Nuclear Instruments And Methods B 223-224 (2004) 67. 

[2 Hrnecek, E., P. Steier and A. Wallner. “Determination of Plutonium in environmental 
samples by AMS and Alpha spectrometry”, Applied Radiation and Isotopes (2005). In press. 

[3] Knie, K., G. Korschinek, T. Faestermann, E. A. Dorfi, G. Rugel, and A. Wallner. „Fe 
Anomaly in a Deep-Sea Manganese Crust and Implications for a Nearby Supernova Source”, 
Phys. Rev. Lett. 93, (2004) 171103. 
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Direct Recoil Spectroscopy (DRS) and ExB velocity spectrometer on 

PINSTECH accelerator 

Shoaib Ahmad, S. A. Janjua, Mashkoor Ahmad, S.D. Khan, Rahila Khalid 

Accelerator Lab, Electronics Division, PINSTECH, P.O. Nilore, Islamabad, Pakistan 

E-mail address of main author: shoaib@pinstech.org.pk

Two interesting mass analysis diagnostic techniques were developed in our lab over the last 
few years to characterize carbon clusters produced by heavy ion bombardment of graphite. 
The purpose of the present study is to compare the relative merits of these techniques namely 
the Direct Recoil Spectroscopy (DRS) and Velocity analysis by using an ExB Filter. These 
have been employed on the identification of carbon clusters that range from C1 to large ones 
Cx (x~100). These carbon clusters are created on the surface of graphite by heavy ion 
bombardment. The mechanisms of the production of such a wide variety of carbon clusters 
from the ion-sputtered carbon species has been discussed elsewhere [1]. One of these i.e. DRS 
was employed to identify cluster production during the ion bombardment. Later on velocity 
analysis was introduced specifically for complementing DRS for the identification of clusters 
[2]. In this communication, we present the relative diagnostic abilities of the two methods. 
Specially designed ion sources and the PINSTECH 250 keV heavy ion accelerator were used 
for these studies. 

During DRS the energy analysis of the recoiling ions is performed that yields the information 
about the masses of the clusters. These clusters are emitted from the bombarded surface in 
binary encounters with the incident ion at large recoil angles. A home-made electrostatic 
energy analyzer was used for the energy analysis. The bombarding ions initiate cluster 
forming mechanisms and can also eject the existing ones by imparting them sufficient energy 
as direct recoils. The direct-recoil spectra are composed of clusters with greater than or less 
than the mass of the incident ion and have a strong dependence on the emission or recoil 
angle as well as the ion mass and energy. 

A compact, permanent magnet based ExB velocity filter has also been used for the detection 
and identification of carbon clusters. The main emphasis during the design and fabrication of 
the velocity filter was to keep the overall size to within manageable dimensions and to be of 
low cost. Neodymium-iron-boron bar magnets of 14x14 mm cross section and 45 mm length 
were used in the construction of the larger permanent magnet that provides 180 mm field 
region. The velocity spectra delivered by ExB filter has tunable resolution that depends on 
various design parameters. For a given design, the resolution depends on the extraction 
energy and the length of the drift tube that can be varied. The velocity analyzer has been used 
effectively to characterize clusters emitted from the regenerative sooting discharges that have 
been extensively studied in our lab and reported in detail in a recent review article [3]. 

A comparison of these two widely different spectroscopic techniques i.e., DRS and velocity 
analysis for the identification of the ion-induced clusters formed on the graphite surface are 
presented in Table 1.  
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TABLE I: Comparison of DRS and Velocity Analysis  

 DRS  Velocity Analysis 
 DRS provides recoiling clusters’ energy
spectrum from which masses are
deduced.

 Cluster mass is directly available from the 
velocity spectra. 

 The mass identification depends on the 
resolution of the energy spectrometer. 

Resolution can be improved by increasing 
the extraction energy or the drift length. 

 The evolution of clusters on the
bombarded surface can be monitored as
a function of time and ion dose. 

 The evolution of clusters can only be 
studied in discrete steps and not 
continually.

 The technique is limited to the heavy
ion bombarded targets and has a limited
utility as a general mass diagnostic tool.

 It is a general technique and can be 
employed to masses varying from low to 
very heavy ones. 

Our comparative study highlights the relative merits of the two techniques for the 
identification of ion induced cluster formation on the surface of the target. Although these 
have been used separately and independently for mass analysis on accelerator driven systems, 
these have been found to complement each other when used in the experimental setup 
described in this presentation. 

[1] Akhtar, M.N., et al., “Evolution of clusters in energetic heavy ion bombarded 
amorphous graphite”, Phys. Lett. A 234 (1997) 367-371. 

[2] Ahmad, S., et al., “A compact, permanent-magnet-based ExB velocity filter forcarbon 
cluster diagnostics”, Nucl. Instrum. Meth. Phys. Res. A 452 (2000) 371-376. 

[3] Ahmad, S., “Spectroscopy of the regenerative soot”, Euro. Phys. J. D 18 (2002) 309-
318.
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Measurement of Composition and Thickness of Thin Targets using 3 MeV Van 
de Graaff Accelerator 

Mr. M.A.H. Khan 

Bangladesh Atomic Energy Commission, Dhaka, Bangladesh 

e-mail: hamidkhan1950@yahoo.com

Rutherford back scattering spectroscopy (RBS) is an established method for material 
analysis for the last few decades. The technique requires the bombardment of target 
by charged particle and detection of the backscattered particles. During the last few 
years the application of the method for (a) surface analysis, (b) composition analysis 
for low Z elements and (c) depth concentration distribution were proposed by a 
number of authors. The 3 MeV Van de Graaff Accelerator of Atomic Energy Centre, 
Dhaka, Bangladesh is used for analytical application of RBS technique for the 
measurement of composition and thickness of thin targets like C, N, O, Na, Mg, Al, 
Fe etc. It should be noted that the analytical works being done in the centre do not 
contain any new principle of the RBS techniques, but aimed at developing the 
concepts of calculation procedures necessary for the analysis. From an accurate 
measurement of the analyzing beam as well as the detection geometry and efficiency 
at a particular scattering angle, one can determine the target thickness. The 
experimental set-up consists of a scattering chamber of 46 cm diameter vacuum 
chamber having an oil diffusion pump. The chamber is provided with an electrically 
insulated Faraday Cup for charged particle integration. A reasonably good vacuum up 
to 10

-6 
mbar can be attained in the chamber. A target holder capable of holding 15 

targets has been fabricated and fitted with the top plate of the scattering chamber in 
such a way that the target can be changed one after another from out-side without 
disturbing the overall vacuum of the system. A liquid air cooled surface very near to 
the chamber has been provided to minimize the carbon deposition on the target during 
irradiation. Targets of different thickness are prepared using vacuum evaporation 
technique for analysis. The targets are bombarded with 0.5 MeV to 2.5 MeV 
collimated proton beam. Backscattered protons are detected with an Surface Barrier 
Detector and is processed to obtained the RBS spectrum. The main sources of errors 
due to statistical uncertainty in the thickness measurement are sample detector 
geometry, total number of incident protons and area of the sample which has been 
irradiated. 
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Characterisation of Materials using Accelerators 

Luis C. Longoria
Mexican Nuclear Research Institute 
Mexico

Introduction 
The Mexican Research Institute has three accelerators, a Tandem Van de Graff, (12 
MeV ) a Tandetron 4 MeV and a Pelletron (0.9 MeV). 
These accelerators have been used for the characterisation of industrial, biological, 
environmental, archaeological materials. 
PIXE is the main analytical technique for multi element determination of materials used 
in these accelerators. 
This work discusses the application of PIXE for the study of environmental and 
archaeological samples. 

1. Analysis of airborne particles using PIXE 

Mexico City being one of the most populous city in the world has a serious problem 
with the atmospheric pollution, for this reason the local government has started an 
atmospheric monitoring for airborne particles 2.5 µm (PM2.5), the aim of the project is 
to establish an atmospheric network in the most problematic areas. 

The Mexican Nuclear Research Institute has installed a PIXE system in a new 
accelerator and is carrying elemental analysis on samples collected in EPA filters. With 
the information obtained on each of the reliable trace element concentration a data base 
will be created. 

The information on the concentration of certain elements such us S, V, Mn, Zn as well 
as some heavy metals will be used to determine the degree and harmful effects on 
health.

The PIXE technique is a powerful method of multi element analysis known for several 
years  and has been successfully applied to analyze mayor and trace components in 
environmental samples, the main advantage is that is considered a fast and highly 
accurate non destructive testing and is more suitable for heavier elements (Z 11). 

In this work some of the results of multi element analysis of airborne particles in the 
atmosphere of Mexico City using PIXE are discussed. 

2. Analysis of archaeological materials using PIXE 

Through elemental analysis composition of archaeological materials it can be deduced 
the location of material from which artefacts were made and possible the place of 
manufacture. 
Using the PIXE technique obsidians, ceramics and metal archaeological materials can 
be studied, only a small of sample is required and a multi elemental composition can be 
obtained at once. The samples almost require no preparation except to be reduced to a 
standard geometry to be compared with a standard reference source. 
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At the Mexican Research Institute the PIXE technique using a Tandem Van de Graff 
accelerator has been used for many years to study samples from our vast archaeological 
sites.

The composition of the base material as well as the pigments and glassy minerals have 
been studied in coloured obsidians obtained in sites in Central Mexico. 

The beam spot from the accelerator was 2 mm diameter and the incident angle was 90 
degrees. A 16 um thick aluminium foil was used as a window for the proton beam spot 
on the samples positioned 1 cm ahead. The collimator connected to a current integrator 
served to monitor the proton current which ranged between 10 and 50 nA. The detection 
system was composed of a Si Li detector with a resolution of 200 eV at a 6.4 keV X ray 
energy. The detector was placed at a distance of 4.5 cm from the target at an angle of 
52.5 degrees. A counting rate of about 1000 seconds is desirable in order to avoid pulse 
pile up. 

The elements being analyzed comprised Al, Si, Cl, K, Ca, Ti, Mn and Fe. 
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Analysis of inorganic pigments by Nuclear Microprobe: the case of the 
paintings by the Master HGG 

S. Fazini 1), Ž. Pastuovi 1), M. Jakši 1), M. Braun 2) , D. Krsti 2) , D. Mudronja 2) 

1)Ru er Boškovi  Institute, Zagreb, Croatia 
2) Croatian Conservation Institute, Zagreb, Croatia 

E-mail address of main author: stjepko.fazinic@irb.hr 

The aim of the presentation is to show results of the collaboration between the Croatian 
Conservation Institute (CCI) and the Laboratory of Ion Beam Interactions of the Rudjer 
Boskovic Institute (RBI), based on the applications of the nuclear microprobe facility [1] to 
the analysis of cultural heritage objects. Collaboration is based on characterization of 
inorganic pigments, alloys and other materials in paintings, statues and ancient buildings that 
are currently under conservation process performed by CCI. Elemental composition of 
samples is determined using ion beam analysis techniques, such as Particle Induced X-Ray 
Emission (PIXE) and Rutherford Backscattering Spectrometry (RBS). 

Short overview of present activities is given. Current collaborative work with the CCI 
includes the work in progress on the use of the IRB nuclear microprobe in a conservation 
process studies of the southern portal of the St. Marco church in Zagreb, Croatia [2,3], which 
originates from late 14th  to beginning of 15th  century, and is currently under the process of 
conservation. The other projects include analysis of the Apoximenos statue that was recently 
discovered in the Adriatic Sea, and analysis of pigments from different paintings and 
polychrome sculptures. 

The presentation is focused on the analysis of inorganic pigments from paintings done by the 
Master HGG (Hans Georg Geigerfeld), painter who was active in the 17th century at the area 
between Novo Mesto in Slovenia and Zagreb in Croatia (parts of Austro-Hungarian Empire at 
that time). The specific work presented here is part of large collaboration under which several 
institutions from Croatia and Slovenia conducted scientific and technical research with the 
purpose to find out the painter’s use of binding mediums and pigments, learn about his 
painting techniques and hence understand and compare these findings with existing historical 
data. In addition, the goal of the project has been to ascertain the authorship of certain 
paintings for which there was no definite data. 

Conventional samples of paint layers cross sections embedded in polyester resin as prepared 
for Optical Microscopy (OM) have been used for the analysis using the focused proton beam 
from the nuclear microprobe. By the detection of characteristic X-rays of elements present in 
the samples (PIXE), images of elemental distributions at the microscopic level have been 
obtained. Based on these images and corresponding PIXE spectra, inorganic pigments used by 
the painter have been identified. Correlation between these results and results performed by 
other methods (UV light, X-Ray imaging, OM, etc.) has been discussed.

[1] http://www.irb.hr/en/str/zef/z3labs/liis/
[2] Ž. Pastuovi , S. Fazini , M. Jakši , D. Krsti , D. Mudronja, Proceedings of 9th

International Conference on Nuclear Microprobe Technology and Applications, 
September 13-17 2004, Cavtat, Croatia, to be published in Nucl. Instr. And Meth. B. 
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[3] D. Krsti , M. Fu i , M. Jakši , Ž. Pastuovi , T. Tadi , Proceedings of the International 
Conference on life extension – MATEST '98, Brijuni Islands, Croatia, 1998, p. 163-169. 
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PIXE Protocol Setup for Cluster Analysis of Archeological Samples 

Mohamad Roumie* and Bilal Nsouli 

Accelerator Laboratory, Lebanese Atomic Energy Commission, National Council for 
Scientific Research, Airport Road, P.O.Box: 11-8281, Beirut, Lebanon. 
* E-mail: mroumie@cnrs.edu.lb

Since 1999 a particle accelerator, located at the Lebanese Atomic Energy Commission, 
has been devoted to elemental analysis in different domains of application: archeology, 
environment and materials science. Several nuclear analytical techniques are performed, 
such PIXE, RBS, PIGE, ERDA and others. Indeed the first application of the setup in 
archeology concerned the study of Beirut ceramic products. In view of the considerable 
Lebanese heritage, a special attention was focused on the PIXE applications in 
archeology, which its capability in the field was proven many times. The opportunity of 
our work is to establish locally, in Lebanon, a powerful analytical technique that 
archeologists need sometimes to resolve some problems. In fact, the elemental 
composition determination provided by PIXE, will be used in a multivariate statistical 
program to identify and classify into groups the studied objects. It is assumed that objects 
in the same group have the same provenance.  

It is known that “Particle Induced X-ray Emission” is a suitable technique to the study of 
archeological objects because it is sensitive, multi-elemental, relatively fast and non 
destructive [1, 2]. These advantages are enhanced when a considerable quantity of objects 
are present. The setup of an experimental protocol capable to do accurate measurements 
using PIXE technique was necessary to establish in order to provide elemental analysis of 
archeological objects. Two setup protocols were established, experimented and will be 
discussed later in more details through the measurement of different samples: 

(1) The first one consisted on the typical two-run PIXE measurement: (i) use of 1 MeV 
proton beam and without any X-ray absorber for matrix determination (Fig. 1a), which is 
constituted by major and minor elements (Na, Mg, Al, Si, K, Ca, Ti, Mn and Fe), and (ii) 
3 MeV to determine the heavier elements (Fig. 1b) with Z  ZFe. In the case of ceramics, 
they are usually the trace elements such as Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Ba, Pb and 
others. An Al filter of 250 µm of thickness was positioned in front of the detector 
entrance in order to absorb the low energy X-rays emitted by the major elements. 
(2) The second protocol, which was developed later, consisted on the use of one-run 
PIXE, instead of two, for time consuming in order to analyze a large number of samples 
in due time. This procedure allowed both the lighter (10< Z< 27) and heavier elements (Z 
>26) to be analyzed simultaneously. Indeed, the so-called funny filter (a filter with a tiny 
hole drilled at its center) is an x-ray absorber foil that is placed in front of the Si(Li) 
detector. This absorber has only a small effect on the less intense higher energy x-rays, 
but it stops most or all the intense low energy x-rays except for those that pass through 
the pinhole [3]. The result is a spectrum where both low and high energies X-rays are 
accumulated. The use of the Al pinhole filter provided 22 elements in one spectrum (Fig. 
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3): (i) Na, Mg, Al, Si, P, Ca, K, Ti, Mn and Fe as major and minor elements, and (ii) V, 
Cr, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb and Pb as trace elements. 

In this work, the comparison between the two setups and their both capability to do 
cluster analysis, which provides in particular the provenance of archeological samples, 
will be shown. 
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Fig. 1: X-ray spectrum of a ceramic object, which shows the major and trace elements at 
respectively: (a) 1 MeV and (b) 3 MeV of proton beam. 

Fig. 2: PIXE spectrum of a Byzantine amphora from the Beirut 002 site and 
corresponding to the second group B. The prepared sample was bombarded with 3 MeV 
protons and a 250 µm Al funny filter was placed in front of the Si(Li) detector, as X-ray 
absorber. 

[1]  Ch. Lahanier, G. Amsel, Ch. Heitz, M. Menu, H. H. Andersen, Nucl. Instr. and 
Meth. B 14 (1986) 1. 

[2]  S.A.E. Johansson, J.L. Campbell, Particle-Induced X-Ray Emission Spectrometry 
(PIXE), John Wiley & Sons, 1995. 

[3]  J.F. Harrison and R.A. Eldred, Adv. X-ray Anal. 17 (1973) 560 
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Human milk is the main source of nutrients to babies during the early years of life. Milk 

formulas, which are the nearest equivalents to human milk, have been established and 

commercialized. Fruits, vegetables, etc. are also main sources of nutrients. Due to the 

relatively high cost of human milk substitutes, most nursing mothers of Bangladesh use 

natural human milk. Even though human milk is the best baby food, an enormously huge 

number of babies die annually as a result of malnutrition and nutritional deficiencies. High 

mortality rate of children in Bangladesh has constantly motivated the search for the cause and 

to find out ways and means to reduce the child mortality rate.  

Determination of the elemental concentration of human milk constituents, natural food items, 

water, commercially available formula milk, fruits, vegetables, etc. will reveal which kinds of 

nutrients are passed from mother as well as from other foodstuff to babies. Many trace 

elements play a very significant role in human life. All trace elements are toxic if ingested or 

inhaled at sufficiently high levels and for long enough periods [1]. 

The objective of the present study is to employ the complementary techniques of PIGE and 

PIXE, developed at the 3 MV Van de Graaff Accelerator Laboratory of the Atomic Energy 

Centre, Dhaka (AECD) [2], to determine both the essential and the toxic elements such as 

lead, fluorine, iron, cadmium, selenium, etc. content in human milk, milk formula, fruits, 

vegetables, etc. with a view to identifying the essential and toxic elements in them. 
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Human milk samples were collected from some of the maternity canters and hospitals of 

Dhaka city. Each milk sample was put in specially cleaned polythene bottles. They were 

immediately frozen and then freeze dried.  

Pellets were made using a 15 ton Perkin Elmer pellet maker. The pellet samples were 

bombarded with 2.5 MeV collimated proton beam from the 3MV Van de Graaff Accelerator 

of the Atomic Energy Centre, Dhaka, Bangladesh and the emitted X-rays were detected using 

a Si(Li) detector for PIXE measurements. For PIGE measurements the pelletized thick 

samples were bombarded with 3.0 MeV protons and the emitted -rays were detected using a 

HPGe detector.

The important elements which include Ca, Fe, Co, Ni, Cu, Zn, Pb were detected using PIXE 

technique and the elements determined using PIGE techniques are Na, Mg and  F. In this 

report the results obtained are presented and discussed in the light of available information. 
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Elastic Recoil Detection Analysis (ERDA) is a nuclear analytical technique used for the 
quantitative analysis and depth profiling of light elements in the near surface layers and thin 
films. ERDA is especially useful in the case of hydrogen analysis, that presents a problem to 
other analytical techniques. Ion-induced electron emission (IEE) ERDA was developed 
originally at the University of Linz [1] for a broad beam application. A principle of particle 
identification and detection with the IEE system is as follows: Scattered ions and recoil atoms 
pass through a set of four thin carbon foils before they reach a solid state (energy) detector. 
From the carbon foils, electrons are emitted. They are accelerated toward the micro-channel 
plate (MCP) detector. The signal from the MCP detector, i.e. the number of emitted electrons, 
is measured in coincidence with the signal from the solid state detector (particle energy) and 
displayed in a two dimensional map. The number of electrons emitted from the foils is 
proportional to the stopping power of the particles in the foil material, which is a principle of 
particle identification in IEE ERDA. Ion-induced electron emission (IEE) ERDA system has 
been installed on the nuclear microprobe in Zagreb with an intention to be used for the 3D 
analysis of hydrogen. 

Measurements were done using the 6 MV Tandem Van de Graaff accelerator at the Ru er
Boškovi  Institute in Zagreb. A piece of amorphous silicon solar cell has been investigated 
with the IEE ERDA system. The cells were produced in a single junction structure on a glass 
substrate. As a first contact a transparent and conductive tin oxide layer (SnO2) was deposited 
by atmospheric pressure chemical vapor deposition (CVD). The active layer consists of an 
amorphous silicon p–i–n structure deposited by plasma enhanced CVD (PECVD). The rear 
contact, a thin aluminum film, was made by evaporation in high vacuum. The cell was 
irradiated with 5.5 MeV 16O3+ ions from the rear contact side. Ions were focused to a beam 
spot size of 15×15 µm2 and beam current was kept at about 250 pA. The scattering angle was 
45° with the sample tilted by 22.5° towards the beam direction. A higher energy of O ions has 
been selected to reach the p-i-n structure under the Al thin film. The goal was to measure also 
the Al film thickness with the ERDA detector.  

Fig. 1(a) shows a two dimensional IEE ERDA spectrum of an amorphous Si solar cell. The 
ion energy is displayed on the x-axis while the y axis represents MCP signal height. Signals 
from region 1 belong to the forward scattered primary ions and recoils while signals from 
region 2 are hydrogen recoils. By replaying experiment off-line and taking into account only 
events belonging to region 2 on Fig.1(a) a 2D distribution of H can be obtained. The total 
sample area shown on Fig. 1(b) is about 1.3×1.2 mm2. To obtain good statistics of H events it 
was necessary to collect data for more than 4 hours with the total collected charge of 4 µC. No 
H loss was found for the total beam fluence of 5.3×1014 O3+ ions/cm2. H depth profiles were 
obtained by selecting regions with different H intensities in the 2D H map (Fig. 1(b)). In fact, 
H concentration in both regions should be the same, because it is the same amorphous silicon 
p-i-n structure, just covered in region A with the Al layer. Higher H intensity in region A is 
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due to the fact that O ions pass through Al layer before they reach H containing p-i-n structure 
and H recoil cross sections are higher for lower ion energies.

By taking into account only events from region A and displaying them onto the energy (x) 
axis the corresponding H depth profile is obtained (Fig. 1(c)). The same procedure was done 
for region B and the resulting H profile is shown on Fig. 1(d). A quantitative analysis was 
done using the program SIMNRA [2]. The concentration of H in the p-i-n layer was found to 
be 12 at.%. A surface peak is clearly seen on Fig. 5(c) and is probably due to the 
contamination, either induced during the cell production or due to water adsorbed at the 
surface during the sample handling. From Fig. 5(c) the thickness of Al layer was found to be 
260 nm. The amorphous silicon p-i-n structure thickness could be only determined from Fig. 
5(d) while in Fig.5(c) the O ion energy was to low to reach the end of the layer. It was found 
that the amorphous silicon layer thickness is d = 2300×1015 at/cm2.

b)

2

1

A

B

a)

Figure 1. (a) 2D IEE ERDA spectrum, (b)2D hydrogen distribution, (c) H depth profile coming 
from region A, (d) H depth profile coming from region B

[1] O. Benka, A. Brandstötter, E. Steinbauer, Nucl. Instr. and Meth. B136-138 (1998) 695. 
[2] M. Mayer, Technical Report IPP 9/113, Max-Planck Institut fur Plasmaphysik, Garching, 
Germany, 1997; http://www.rzg.mpg.de/~mam/
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Procedures for the quantitative analysis of thick samples by x-ray emission techniques, such 
as particle induced x-ray emission (PIXE) or energy dispersive x-ray fluorescence (EDXRF), 
approach differently the treatment of unknown composition of light elements (low Z analytes 
with Z<10) in the sample matrix (dark matrix). In PIXE analysis, simultaneous performance
of Rutherford backscattering spectrometry (RBS) is today conventionally used to estimate the 
major element composition needed in the fundamental parameter quantification procedure. 
Influence of the proton elastic scattering cross section database is discussed here in terms of 
typical samples analyzed by PIXE. It has been observed that in the case of plant-based 
samples (including biomonitors) where the major elements in the dark matrix are  C, N and O, 
the existing proton elastic scattering database seems to be sufficiently reliable. Possibilities of
RBS to also quantify hydrogen content, by difference, in these samples are also discussed.
Optimization of the RBS technique was achieved through measurement and spectra 
simulation of samples with well-known composition (cellulose, Mylar, Kapton, graphite, and 
formvar). In addition, the scattering cross-section values used were chosen from Gurbich’s
experimental database at scatter angle of 165 degrees. for proton energies at 3 MeV. 
Validation of the RBS quantification method with the certified reference material Bowen’s 
Kale gave satisfactory results for the elements H, C, and O. Samples of plant-based reference
materials were subsequently analysed and estimation of the “dark matrix” elemental
composition by RBS technique, improved accuracy of the results from the EDXRF analysis. 

Table I shows the validation results of the RBS technique and Figure 1 also shows the 
goodness of fit, after optimization, in the simulation of RBS spectra using the SIMNRA 
software program. Dots represent experimental points, while full line the SIMNRA spectrum 
simulation. The height of steps in RBS spectrum indicates the concentration of particular 
element.

TABLE I. COMPARISON BETWEEN MATRIX COMPOSITION OBTAINED FROM 
SIMNRA AND CRM DATA SHEET VALUES FOR BOWEN’S KALE SAMPLE. 

Element SIMNRA (wt %) CRM data sheet (wt 
%)

H 5.7 5.7
C 42.5 45
O 35 39
Ca 9 4
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FIG. 2. RBS spectra for Bowen’s Kale samples.

 [1]  HE, F., et al., Anal. Chem. 1991; 63: 2237-2244. 
[2]  WEGRZYNEK, D., at al., X-ray Spectrom. 1993; 22: 80-85. 
[3]  GURBICH, A., Nucl. Instr. and Meth. 1998; B 136-138: 60 
[4]  MAYER, M., Technical Report IPP; 9/13, Max-Planck Institute, Garching, (1997) 
[5] http://www.rzg.mpg.de/~mam/
[6] INTERNATIONAL ATOMIC ENERGY AGENCY, Manual, “Quantitative X-ray
analysis system”, Vienna (1996) 
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Current Status of the Problem of Cross Section Data for Ion Beam Analysis 
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The ion beam analysis (IBA) methods except for RBS strongly rely on the available 
experimental cross section data. These data are especially important while planning an 
experiment and for computer simulation of measured spectra. The linear dependence of the 
registered signal on the atomic concentration and on the cross section results in obvious 
constraints on the required accuracy of the employed data. It is evident that the concentration 
cannot be determined with the accuracy exceeded that of the cross section and consequently 
the precise knowledge of the cross sections is required. Although the officially accepted list of 
required nuclear data for IBA does not exists it is a safe assumption that such a list should 
comprise first of all (though not only) the differential cross sections for proton and 4He non-
Rutherford elastic scattering and nuclear reactions for p, d, and 3He with energy E < 5.0  MeV 
interacting with A  40 nuclei. An attempt to prepare a detailed inventory of all reactions of 
interest or potential interest to IBA has been reported in Ref.[1]. In view of the  number of 
possible exit channels it appears that the number of the required data is tremendous.  

Many differential nuclear reaction cross sections were measured in the fifties and sixties. 
Most of those data are available from the literature but mainly as graphs. Besides, the energy 
interval and angles at which measurements were performed are often out of range normally 
used in IBA. Therefore, although a large amount of cross section data seems to be available, 
most of it is unsuitable for IBA. Because of lack of required data many research groups doing 
IBA analytical work started to measure cross sections for their own use every time when an 
appropriate cross section was not found. Most of the previously acquired and recently measured 
experimental data were compiled and a new data base IBANDL [2] was established at IAEA 
NDS server to provide easy access to the data. However, all these data should be evaluated 
prior to their widespread use. The reasons are as follows. The analysis of the compiled 
information revealed numerous discrepancies in the reported cross sections values which are 
far beyond quoted experimental errors. In addition, because of cross sections dependence on a 
scattering angle the available data are valid only in the case of a scattering geometry very 
close to the geometry used in the cross sections measurements. Though in some cases 
measured data were parameterized using empirical expressions it is essential that the 
parameterization should represent cross sections not only at measured energies and angles but 
also provide a reliable extrapolation over all the range of interest. So a theoretical evaluation 
of the cross sections grounded on appropriate physics seems to be the only way to resolve the 
problem.  

In order to meet the needs of the IBA community the evaluation of some elastic scattering 
cross sections was made and the SigmaCalc software [3] was developed for the IBA scientists 
might perform the calculations of the required smooth curves d (E)/d  at any angle. The 
evaluation consists of generally established steps (see FIG. 1) such as data compilation 
followed by critical analysis and assigning on this basis statistical weight to each of the data 
sets, parameterization of the data in framework of some nuclear model, and analysis of the 
revealed inconsistencies between theoretical calculations and experimental data.  
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Thus different sets of differential cross sections appear to be incorporated into analysis within 
unified approach. So far as the optimal set of parameters is found excitation functions for 
analytical purposes can be calculated for any scattering angle with reliability exceeding that 
for any individual measurement. 

Further progress in resolving of the problem of nuclear data for IBA is expected due to 
endorsement of a new Co-ordinated Research Project (CRP) by the International Nuclear Data 
Committee [4]. This is a result of the discussion of the problem at several IAEA meetings 
[5,6]. Now an urgent work is to make a complete inventory of the cross sections of the 
primary importance to IBA. Measurement of these cross sections will be a good task for 
application of a growing interest in nuclear physics from the side of developing countries.  

[1] SELSCHOP J.P.F., CONNEL S.H., Nucl. Instr. and Meth., B 44 (1994) 1. 
[2] Ion Beam Analysis Nuclear Data Library, http://www-nds.iaea.org/ibandl/.
[3] GURBICH A.F., Int. Conf. on Nuclear Data for Science and Technology, Abstract no. 

316, Santa Fe, Sep. 26 – Oct. 1, 2004.
[4] INTERNATIONAL ATOMIC ENERGY AGENCY, Minutes of the 25th Meeting of the 

International Nuclear Data Committee, INDC/P(04)-13, Vienna (2004).  
[5] INTERNATIONAL ATOMIC ENERGY AGENCY, Long Term Needs for Nuclear 

Data Development, INDC(NDS)-423, Vienna (2001). 
[6] INTERNATIONAL ATOMIC ENERGY AGENCY, Report on the IAEA Technical 

Meeting on Database of Evaluated Cross Sections for Ion Beam Applications, 
INDC(NDS)-449, Vienna (2003). 
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FIG. 1. The scheme of the evaluation procedure.
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 We have recently developed a means of using finely-focused, high-energy ion beams to 
pattern semiconductor wafer surfaces. A beam of hydrogen or helium ions, focused to 50-100 nm 
in a nuclear microprobe, is used to selectively damage the semiconductor lattice in the irradiated 
regions. A higher beam fluence at any region produces a higher damage concentration, so by 
pausing the focused beam for different times at different locations, any pattern of localized 
damage can be built up in the material. This damage acts as an electrical barrier during 
subsequent formation of porous silicon by electrochemical etching. This enables local 
modification and control of the properties of the porous silicon formed by ion irradiation, 
resulting in patterned porous silicon.

As the photoluminescence intensity from porous silicon depends on the resistivity of the 
material, it is possible to produce micron regions of porous silicon of varying intensity by 
controlling the ion dose. We use this technique to pattern a p-type silicon with resistivity of 
0.02 .cm, whereby enhanced light emission is obtained from the irradiated regions (see fig.1). 
The intensity of light emission is found to increase by a factor of 20  as the dose increases to 
1.4 1016 /cm2. Further increase beyond this dose value shows no change in intensity as saturation 
is reached.

Fig.1. Light emitting porous silicon patterned using proton beam writing [1]. 
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Fig. 2a. Bridge structure fabricated using
   double energy irradiation [2].

If the etched sample is immersed in potassium hydroxide, the porous silicon is 
preferentially removed to reveal the underlying three-dimensional structure of the patterned area. 
Since the thickness of porous silicon formed depends on dose of the beam, we are able to 
produce a structure with varying heights. Multi-level structure can also be produced by changing 
the energy of the incident beam to vary the implanted depth of the patterned area. We have 
demonstrated the ability to produce a bridge structure suspended by two supporting pillars after 
prolonged etching (see fig.2a). In this way, we eliminate the repeated steps needed to deposit and 
remove the mask used in conventional optical lithography. Other complex structure fabricated 
using this technique includes a regular array of high aspect ratio pillars of 5µm high, with a 
diameter of 500nm (see fig.2b).  

 In conclusion, we show that not only can proton beam writing be used to pattern polymer, 
it can be employed to pattern silicon to produce three-dimensional silicon structures and light 
emitting porous silicon. This opens up new opportunities in the fields of silicon micromachining 
as the multiple processing steps needed to produce multi-level structures is eliminated. And it 
offers a novel method of incorporating patterned porous silicon into an integrated optoelectronic 
circuit.  

[1]  E. J. Teo, D. Mangaiyarkarasi, M. B. H. Breese, A. A. Bettiol and D. J. Blackwood, 
Appl. Phys. Lett. 85(19) 4370 (2004) 

[2]  E. J. Teo, M. B. H. Breese, E. P. Tavernier, A. A. Bettiol, F. Watt, M. H. Liu and D. J. 
Blackwood, Appl. Phys. Lett. 84 (16) 3202 (2004) 

Fig. 2b. An array of pillars produced by    
              single spot irradiations[2].  
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Polymeric materials offer several advantages over existing semiconductor and 
inorganic technologies (LiNbO3, SiO2 etc) for applications in microphotonics. 
Polymers can be easily coated on almost any substrate making it possible to easily 
integrate polymeric devices with existing silicon or non-silicon based technologies. 
The optical properties of polymers can be engineered to give the desired refractive 
index, loss, transparency or electro-optic coefficient. This makes it possible to 
manufacture both passive and active components such as high bandwidth modulators 
[1] and optical interconnects [2]. Furthermore, emerging lithographic technologies 
such as nanoimprint lithography (NIL) [3] are well suited to low cost mass production 
in polymer. It is therefore important to have tools that can easily and rapidly prototype 
micro-optical structures in polymer. Proton beam writing is a lithographic technique 
that is well suited to producing such structures with a resolution down to 100 nm or 
better, and negligible proximity effects. 

Proton beam writing is a direct write lithographic technique that utilizes a highly 
focused beam of protons to pattern various types of substrates [4]. The main 
application areas for proton beam writing include microfluidics, tissue engineering 
substrates [5], fabrication of stamps for nanoimprint technology [6] and 
microphotonics [7, 8]. Proton beam writing being a direct write technique, offers 
some unique opportunities for the rapid prototyping of microphotonic devices in 
polymers. The minimum feature size and the overall length scale best suited for 
microphotonics is perfectly matched to the capabilities of the proton beam writing 
technique (100 nm - 1 µm resolution with overall lengths of 1-2 cm). There are two 
fabrication routes that can be followed using proton beam writing. The first involves 
the direct micromachining of the microoptical components, usually in polymer. This 
method may typically require some post irradiation processing like resist 
development, additional coating steps or thermal treatment in order to make the final 
device or component. Surface relief gratings, microlens arrays, photonic crystal 
templates and waveguide cores are all fabricated using this method. Some examples 
of these structures are shown in figure 1. The second route that can be followed 
involves ion beam modification of the material to form a region with a different 
refractive index from the bulk. This is the method of choice when using non 
polymeric materials; however it is also possible to apply it to polymers. 

In this paper, methods of fabricating structures in polymer using proton beam writing 
are discussed. Optical properties such as refractive index and propagation loss are 
characterized, in addition to physical properties such as line edge and sidewall 
roughness. These results will be compared and contrasted to those obtained on 
photonic structures fabricated using existing lithographic and non lithographic 
techniques. 
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FIG 1: Microphotonic structures fabricated in polymer using proton beam writing.(a) 
Waveguides in SU-8, (b) Photonic crystal template structure in SU-8, (c) Micro-
fresnel zone lens in SU-8 (d) Grating in PMMA, (e) Microlaser cavity in SU-8 doped 
with rhodamine B, and (f) Microlens array in PMMA. 
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The thin layer activation technique is widely used to investigate complex physical and 
chemical phenomena including wear, corrosion, ion sputtering, etc. [1]. The method consists 
in labeling surface layers of the sample with radioisotopic tracer that is followed by 
measurements of the -activity of the label. The surface degradation is derived from the 
activity loss. Different methods of the surface activation have been developed. All the 
methods can be divided into two groups: the activation of the surface by accelerated ion 
beams and implantation of the radioactive atoms into the surface. The first one is usually 
applied to metal samples. For the materials that cannot withstand irradiation with intense ion 
beams different alternative methods have been developed. The surface layer activation of that 
sort of materials can be made e.g. by isotope diffusion or by introducing recoiled radioactive 
particles from nuclear reactions. The possibility to employ the 252Cf spontaneous fission 
source as an implantation device was discussed in [2]. A method based on the 235U induced 
fission fragments implantation was developed in the present work. 

A vide variety of radioactive nuclei are produced in course of the 235U fission. Primary 
fragments being far from the valley of stability undergo  decay thus producing mass chains 
of the same mass with gradually increasing Z. The thermal neutron induced fission of 235U is 
asymmetrical. Because of kinematics a lighter fragment with smaller A and Z possesses a 
greater fraction of the energy released in the act of fission. Because of higher energy and 
smaller Z the light fragments have a greater range in matter. Fission fragment ranges are 
rather short and so a fragment from the light group is preferable for using as a tracer. From 
the practical point of view an appropriate radioisotopic tracer should have a half-life of the 
order of tens of days. It should emit -rays convenient for registration, and should be 
produced in a significant amount. Given these requirements the mass chain 

was found to produce a pair of the most suitable nuclei 95Zr (half-life T1/2=64.05 d, 
cumulative yield of 6.5%) and 95Nb (T1/2=34.97 d), the latter being a product of the beta decay 
of the former. The beta-decay of 95Zr is accompanied by emitting -rays of 724.2 keV 
(44.17%) and 756.7 keV (54%) and for the decay of 95Nb the -ray energy is 765.8 keV 
(100%). The experimental layout used to implant fission fragments into a sample surface is 
shown in FIG. 1. 
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A proton beam from the IPPE 2.5 MeV Van de Graaff accelerator was employed to generate 
neutrons by means of the 7Li(p,n) 7Be  reaction. The accelerator operated at its maximum 
parameters achievable at the moment: the proton energy was 2.35 MeV just above a 
resonance in the 7Li(p,n)7Be reaction and the beam current was about 7 A. A target was 
made of metallic lithium of natural abundance. To avoid overheating it was cooled by flowing 
water. The target assembly was located in the center of a polyethylene cube with a side of 30 
cm which served as a moderator of neutrons.  The 235U3O8 layer deposited on an aluminum 
backing was 2 mg/cm2 thick and 30 mm in diameter. In order to measure the fluence of 
neutrons a tiny gold reference specimen with known mass was placed close to the uranium 
layer.

The method was applied to abrasion testing of the electrostatic accelerator charge conveyer 
belt. The implementation of the study resembled the ordinary thin layer activation method [1] 
in all respects save one: the activation was made by fission fragments implantation instead of 
irradiation of the sample surface with an accelerated ion beam. Fission fragments were 
implanted into the rubber surface of the belt samples of different types and the samples were 
then tested at a test bench in the close to real conditions. A stack of 3 m Lavsan films was 
also irradiated in order to determine the implanted fragments depth profile. The irradiation 
time was 20 h. The residual activity was converted into the thickness of the removed material 
using a calibration curve derived from the result of the experiment with Lavsan films with a 
correction for the difference of the fragments ranges in Lavsan and rubber.  

Being rather simple in materialization the presented technique makes it possible to create 
radioactive labels in surface layers of the materials sensitive to a high dose of radiation such 
as rubber, plastics, ceramics, etc. 

[1] INTERNATIONAL ATOMIC ANERGY AGENCY, The thin layer activation method 
and its application in industry, IAEA-TECDOC-924, Vienna, 1997. 

[2] SHEA J.H., CONLON T.W., Nucl. Instr. and Meth. 177 (1980) 613. 

FIG. 1. Experimental layout 
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6 MeV Radiographic Facility in INS Swierk

J.Bigolas, W.Drabik, A.Wysocka, E.Plawski
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1. The design of the accelerator

The radiographic facility  consists of  electron accelerator and e-X conversion units placed in concrete 
radiation shielded room, equipped additionally with 10 cm lead shields surrounding the conversion head 
and exposure compartment . The basic parameters of accelerator are listed in Table 1. 

Table 1

Electron gun:
Diode, Pierce geometry type,
thermionic tungsten cathode,
Energy/Intensity : 30keV/ 200mA in pulse 4 µsec ;  variable repetition

RF accelerating structure:

11 cell, on axis coupled, π/2 mode,
 RF   3000 MHz
 Average accelerating field   12 MV/m
 RF power lost in walls    1.2 MW in pulse
 Output energy     6 MeV
 Output electron current   100 mA in pulse , 0.1 mA average
 Structure length (total)   50cm
 Cooling : water flow through cooling pipes ; water temperature stability ± 1 deg

Beam Focusing :
 Solenoid  10cm inner diameter coil of 45cm length with iron screening
 Maximum attainable axial magnetic field  700 Gs .
 Magnetic quadrupole dublet on structure output

e/X conversion unit
 tungsten target 

The construction of accelerator was preceded by thorough computational optimisation of electron gun 
and successive RF accelerating structure. The computational DC[1] and RF[2] codes, checked by 
beam dynamics codes developed in our Institute were used to get the optimum shapes of structures.
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2. Results of  the experimental work

Fig.1 shows radiographic image of diode type electron gun.
Fig.2 shows  radiographic image of vacuum valve

Fig.1 Image of diode type electron gun      Fig.2  Image of vacuum valve

References:

[1 ] W.B. Herrmamsfeld  , “E-Gun Code”, SLAC-331/1988 Rep.
[2] J.H. Billen, L.M. Young, “ Poisson- Superfish”  Los Alamos LA-ur-96-1834  Rep.
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 Present paper describes the design and test results of indigenously developed electron beam pulsed accelerator  which is a 
kilo ampere linear injector: KALI-5000, of ratings: 1 MV, 80 kA, 100 ns. It comprises of Marx generator, Blumlein pulse 
forming line (PFL) and electron beam diode. It is a single shot system. In view of anumerous industrial and strategic 
applications of electron beam accelerators, BARC is actively pursuing the design and development of various kinds of 
accelerators viz. 10 MeV RF accelerators, 0.5 -3 MeV DC accelerator and 0.2-1 MeV pulsed electron accelerator. This paper 
presents the subsystem details of KALI-5000 and recent experimental results with electron beam emission.
 
The KALI-5000 consists of 1.5 MV, 25 kJ Marx generator, 1 MV, 5 kJ, 100 ns Blumlein PFL and 80 kA, 100 ns electron gun. 
There are various devices to generate the pulsed power but most popular technique is Marx generation in which energy 
storage capacitors are charged in parallel and through synchronized spark gap switching all capacitors are discharged in series
resulting enhanced voltage and power. Once pulse is generated it is required to shape them into flat top type so that when it is 
injected to the electron gun, same energy beam will be emitted during that time span. With this flat top pulse as input, the 
electron gun produces the pulsed electron beam, which can be used for various applications. In present scheme, plus-minus
charging type Marx generator is used for pulse charging of Blumlein. The general scheme of this system is shown in Fig.1. 
The Marx generator comprises of 30- low energy storage capacitors with insulated casing and S.S. corona guard rings to 
prevent the damage of capacitors due to flashover. It consists of five modules of 300 kV, three stages of + 50 kV, 0.7 ?F (pair) 
capacitors, three nitrogen gas insulated gas sparkgaps, along with charging / isolation resistors. The capacitors are arranged in 
“Z” configuration, which requires minimum, module-to-module insulation. It consists of 15-pressurised sparkgap switches to 
vary the breakdown voltage and thereby output voltage of the Marx generator. It has been housed in a 1” thick stainless tank 
of 1.7 m width x 1.6 m height x 3 m length.
 
The castor oil dielectric Blumlein consists of three coaxial cylinders of diameters 0.8m, 1.0m & 1.2m and having length of 
~4m. The energy stored in this Blumlein, is switched through SF6 sparkgap and the output pulse is applied to REB diode for 
beam generation. The isolation inductor required for charging the Blumlein, has also been used which helps in avoiding the 
pre-pulse at the diode end. This Blumlein is designed to form a pulse of 100ns flat top across the electron beam diode. The 
electrons are field emitted from the whiskers on cathode that have highly enhanced electric field in 2x10-5 Torr vacuum. 
Present assembly of diode has graphite cathode and anode is made of copper mesh. Diameter and gap are adjusted to give 
required characteristics impedance. Current through the diode is measured by self-integrating Rogowski coil and the voltage 
by CuSO4 solution based, voltage divider. This graphite cathode is used for generating the intense pulse electron beam of 800-
1000 keV, ~40GW, 0-40 kA, ~100 ns. The Relativistic Electron Beams (REB) are useful for the generation of High Power 
Microwaves (HPM) and Flash X Rays (FXR). Injecting electron beam in to microwave devices such as virtual cathode 
oscillator (Vircator) and backward wave oscillator (BWO) generates the HPM. The parameters of frequency, peak power and 
efficiency for these devices are 1-10 GHz/1-20GW/1-5% and 10-50 GHz/0.1-1GW/10-50% respectively. In experiments 
using KALI-5000, HPM power up to 1 GW has been produced in a VIRCATOR device at
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Fig.1 Schematic of KALI-5000 System: 1MeV, 80kA, 100ns Electron Beam Pulsed Accelerator
 

 
 

beam parameters of 500keV, 60kA, ~100ns. A view of KALI-5000 is shown in Fig.1. It has been tested up to 600kV, 70kA, 
100ns electron beam pulse. It is a single shot accelerator and is intended to be used for various applications including the 
radiography of radioisotopes, and studies on effect of HPM environment on electronic components and systems performance. 
In Fig.2, typical VIRCATOR device schematic is shown with measured Marx output 600kV, 500ns pulse and electron beam 
current of 71kA, 100ns pulse.

 
These accelerators can also be used for applications like sewage water sterilizations providing better efficiency than CW type
of accelerators. They can also be used efficiently in ion-beam surface treatment because the pulsed beam alters only the 
surface property due to fast quenching during penetration.

 

                                                                 
                                       (a)                                                (b)                                   (c)

Fig.2 Results of KALI-5000: (a) Schematic of VIRCATOR device, (b) Marx output voltage; and
            (c)   electron beam current pulse wave-shape.          

Pulse
Source

High Power Microwaves

Scale:
15kA/div.,25ns/div.

Scale:200kV/div.,
500ns/div.
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Effects of Electron Beam Irradiation on Carbon Fiber Tensile Properties 

C. Giovedi1), L. D. B. Machado2), E. S. Pino2), M. Augusto1), O. Carvalho1)

1) Centro Tecnológico da Marinha em São Paulo (CTMSP), SP, Brazil 
2) Instituto de Pesquisas Energéticas e Nucleares (IPEN/CNEN-SP), SP, Brazil 

This paper presents the results obtained in the evaluation of the effects of different doses of 
electron beam (EB) radiation on the tensile properties of two different commercial carbon 
fiber rovings of high tensile strength. Tensile properties of the carbon fiber rovings were 
determined as resin-impregnated thermal cured specimens according to ASTM D4018. 
EB irradiation doses applied were 50, 100, 200 and 300 kGy, in two situations: on the 
carbon fiber itself before preparing test specimens and on test specimens (another set). 
Blank experiments were carried out with carbon fiber roving as received. The data obtained 
show that there is an improvement in the tensile strength for IBP samples, in the radiation 
dose applied and in the range of experimental errors. The effect was similar for both carbon 
fibers studied, regardless of the differences of its sizing materials. On the other hand, the 6k 
and 12k IAP test specimens presented values of tensile strength of the same magnitude as 
the one obtained for the blank. These irradiation conditions had no effect on the Young’s 
modules for all samples tested. 
SEM micrographs obtained for IBP test specimens showed uneven interfaces, fibers bonded 
and higher resin content around them, indicating a better adhesion. For the blank and IAP 
samples, the imagines obtained showed separated fibers, denoting a poor adhesion between 
fiber and matrix. For IAP samples irradiated with 300 kGy, the specimens after breakage, 
presented different characteristic when compared to the other doses applied. This denotes 
that with this dose it was possible to increase the degree of reticulation of the matrix. 
However, there was no significant improvement in the fiber tensile strength, because under 
this condition it was not possible to promote modifications on the fiber surface in order to 
obtain a better adhesion. 
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Mechanical Properties of Electron Beam Irradiated Polyamide 6,6

E. Segura Pino and M.A. S. Colombo

Instituto de Pesquisas Energéticas e Nucleares (IPEN-CNEN/SP), São Paulo, SP, Brazil

E-mail address of main author: espino@ipen.br

Radiation Processing has been applied to improve product quality, energy saving and to
manufacture products with special properties as a result of inducing reactions in solid state
and at room temperature [1]. This processing brings, many advantages comparing to the
conventional chemical processing [2,3]. Polyamide 6,6 due to its excellent mechanical,
thermal and electrical properties and its great performance in multiple industrial applications
is considered one of the most important engineering polymer [4]. However, in specific
applications, some of its properties need to be improved by means additives or fillers to reach
the required properties, which increase its final cost. By these considerations, the aim of this
work was to apply the ionizing radiation to improve the natural mechanical properties of
polyamide 6,6. Also, to evaluate the irradiation parameters, and the mechanical performance
of the irradiated polymer in order to use the cross-linking, induced by ionizing radiation, as
substitute of additives and fillers. Therefore, Tensile, impact, hardness and wear properties of
EB irradiated Polyamide 6,6 were evaluated under electron beam irradiation.
Samples, of polyamide 6,6 without additives, for the mechanical tests, were injection-molded
using a Battenfeld injector. These samples were irradiated with electrons at the IPEN
irradiation facilities, using a Dynamitron JOB 188 electron accelerator with 1.5 MeV and 37.5
kW, and the doses were 70, 100, 150, and 200kGy. tives. Samples for tensile strength, impact,
hardness and wear were injection-molded. These irradiated samples were conditioned at
23°C and 50% humidity for 40 hours before being mechanically tested. The tensile strength,
impact, hardness, and wear properties were evaluated according to standards ASTM D-680,
ASTM D-256, ASTM D-2240, and ASTM D 1242 respectively.
The tensile strength measurements were made with an EMIC Universal Testing Machine,
model MEM-10000. The Izod Zwick Impact measurements were carried out with notched
samples. The hardness Shore D was measured with a Zwick equipment using a load of 1kgf
for 10 seconds. The wear measurements with an abrasion tip, using a load of 250g for 3 hours.
The experimental data of tensile, impact, hardness and wear measurements as a function of
dose are given in Table 1. The yield stress, of the tensile measurements, increases
continuously in 24%, the hardness shore D values increase 13% and the resistance to abrasion
increases to about 20 times more than the value of the non-irradiated samples in the dose
range analyzed. On the other hand, The impact values decreases very fast up to 77% as a
function of radiation dose. These experimental results of the mechanical tests have shown that
the yield stress, hardness and resistance to abrasion values increases with increase of radiation
dose, which can be attributed to the increase of the bulk and surface strength due to increase
of cross-linking density in the irradiated material. Furthermore, the impact behavior can be
explained by the increase of fragility and brittleness produced by the increase of cross-linking
density, which leaves the material weak to withstand efficiently impact loads.
.
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TABLE I: YIELD STRESS, IMPACT, HARDNESS AND WEAR
BEHAVIOR OF ELECTRON BEAM IRRADIATED
POLYAMIDE 6,6

Dose
[kGy]

Yield Stress
[MPa]

Impact
[kJ/m2 ]

Hardness
Shore D

Wear
[%]

0 55 15 80 1.20
70 58 12 82 1.00
100 60 8 90 0.50
150 65 5 90 0.30
200 68 3.5 90 0.06

The experimental results of this work have shown that, the Ionizing radiation in the range of
0 to 200kGy, improves the tensile strength, hardness and resistance to abrasion  of Polyamide
6,6. On the other hand, the radiation induced cross-linking, has a negative effect on the impact
properties of this polymer. Therefore, it can be stated that, the cross-linking induced by
radiation, can replace efficiently the use of additives or fillers to improves some mechanical
properties of Polyamide 6,6.

[1] K.Ueno, Radiat. Phys. Chem. 1990, 35, 1-3, 126
[2] S. Machi, Radiat. Phys.Chem. 1996, 47, 333
[3] Y. Tabata, Radiat. Phys. Chem. 1981, 18, 1-2, 43
[4] J. I. Kroschwitz executive Editor, Encyclopedia of Polymers Science and

Engineering, Wiley &Sons, New York, 1990, Vol.11, 364.
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Use of Electron Beam in Pre-irradiation Grafting of Material for  
Industrial Application

JIANHUA ZU1), YONGXIANG FENG1), MINGHONG WU1), SHILONG QIU2),
CHUNHUI YU1)

1) Shanghai Applied Radiation Institute, Shanghai University, Jia Ding, Shanghai 201800, China 
2) Shanghai Applied Physics Institute, Jia Ding, Shanghai 201800, China 

E-mail address of main author: zujianhua1999@163.com 

Graft polymerization is well known reactions in radiation processing of polymers. The reaction 
was initialized by high-energy irradiation of -ray or electron beam. Radiation-induced graft 
polymerization can be applicable to the conventional polymers having various shapes such as 
membrane and fiber. The research in radiation-induced graft copolymerization involves two 
methods: simultaneous irradiation and pre-irradiation. In practice, the pre-irradiation method has 
been given much attention because the homopolymer formation is little and the grafting can be 
carried out at anytime.  

Radiation-induced graft copolymerization has been used very often to prepare various types of 
membranes used for separation science technology and environmental care. However, most of the 
radiation grafted membranes are from ion exchange type because functional monomers can be 
easily grafted onto prefabricated polymer films, a process that is difficult to perform using 
conventional grafting techniques.  

We have undertaken radiation preparation of cation exchange membrane containing sulphonic 
acid groups using one step pre-irradiation grafting technique. High density polyethylene (HDPE) 
as a base material was irradiated by electron beam. After irradiation HDPE was soaked in a 
solution acrylic acid (AA) and sodium styrene sulfonate (SSS) monomers. The effects of type of 
solvent, monomers concentration, pre-irradiation atmosphere and storage time of pre-
irradiationed HDPE membranes on the grafting yield were investigated. Properties such as 
swelling behavior and electric resistance were measured. Thermal and chemical stability was also 
investigated. These properties were found to be mainly dependent on ion-exchange capacity. The 
grafted membranes possessed good electrochemical, thermal and chemical properties, and were 
found to be acceptable for practical use as cation-exchange membranes. 

HDPE-g-acrylic acid membranes have produced in our institute since 1990. The products with 
excellent and credible performance are well known in the industry of the batteries. To enhance 
the stability of the radiation grafted ion exchange membranes and to meet durability demands in 
applications possess highly corrosive environment, the improved research project are being 
carried out.
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Space Charge Measurement system for Dielectric Materials under
Irradiation

A.Adjerad and H.Salah
Centre de Recherche Nucléaire d’Alger
BP 399 Alger-gare – Algerie

Abstract : The increasing request for energy quality and, thus, insulation system
reliability associated with significant steps in the manufacturing of new insulating
matérials are pushing strongly the research on new techniques for the diagnostic
of insulation ageing. Space charge measurement system for dielectric materials
under irradiation has been developed by using the pulsed electroacoustic method
(PEA). This system can observe space charge profiles in dielectric matérials under
irradiation, and was applied to an irradiation chamber. These devices are now
under construction. We will start to make a test experiment.
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Electron Accelerator Applications for Radiation Processing

Andrzej G. Chmielewski *, Mohamad Haji-Saeid ,  Natesan Ramamoorthy 

Industrial Application and Chemistry Section, NAPC, NA 
International Atomic Energy Agency

Wagramer Straße 5, A-1400 Vienna, Austria, A.Chmielewski@iaea.org

 Department of Nuclear Sciences & Applications (NS) - contributes to the worldwide nuclear 
sciences and technology development. Through NS, jointly with institutes and laboratories 
worldwide, the IAEA supports R&D on critical problems facing developing countries. Work targets 
food, health, water, environment and high tech areas where nuclear and radiation technologies can 
make a difference. 

The results and recommendations from the programme elaborated at NAPC lead to organization 
and execution of the following meetings on the most important issues regarding radiation 
technology applications, mostly based on accelerator technology: 

Technical Meeting (TM) on “Emerging Applications of Radiation Processing”, April, 2003, 
Vienna, Austria (TECDOC-1386) 
Consultants Meeting (CT) on “Advances in Radiation Processing of Polymers”, September
2003, Notre Dame, Indiana, U.S.A. (TECDOC- 1420) 
Consultants Meeting (CT) on “Status of Industrial Scale Radiation Treatment of 
Wastewater”, October 2003, Daejon, Republic of Korea (TECDOC – 1407) 
Consultants Meeting (CT) on “Radiation Processing of Polysaccharides”, November 2003, 
Takasaki, Japan (TECDOC – 1422) 
Consultants Meeting (CT) on “Emerging Applications of Radiation in Nanotechnology”, 
March 2004, Bologna, Italy (TECDOC – 1438) 
Consultants’ Meeting (CT) on “Radiation Processing of Gaseous and Liquid Effluents”, 
September 2004, Sofia, Bulgaria.

 The total number of accelerators installed all over the world exceeds 13,000, among them 
the number of units applied for radiation processing being close to 1,200. Direct, transformer 
accelerators, single resonant cavity accelerators and microwave source powered linear accelerators 
have been found to be the most suitable for radiation processing. The industrial accelerators’ 
development is still in progress, not only due to new areas of application but also because of 
demands of lower cost and more compact size machines. Some new countries elaborated their own 
programmes concerning accelerator family developments. The low energy accelerators’ capability 
has not been explored fully up to now. 

 New environmental applications demand development of high power, reliable accelerators. 
The most powerful radiation processing facility, applying accelerators over 1 MW total power has 
been constructed for power plant emitted flue gases purification [5]. However, these new challenges 
for accelerator manufactures demonstrated that further progress in accelerator technology is needed 
and possible. 

 Application of X-rays for radiation processing based on X-ray tubes is quite popular in the 
case of blood irradiation. The concept of e-/X conversion is known for years, a lot of R&D was 
performed in the field and some units were installed. 
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 However, a breakthrough in technology is expected after implementation of the high power 
units, which are already being tested. Commercial irradiators are being offered on the market. 
The recent developments in the field of radiation technology and application of electron 
accelerators are presented in the paper delivered as a plenary lecture at IMRP, Chicago, 2003.  
Besides, there are some well-established technologies like: 

Sterilization; 
Food irradiation (mostly spices and herbs); 
Polymer cross-linking (cables, thermo shrinkable materials, tires, composites etc). 

There are also new and emerging applications: 
Environment protection; 
Natural polymers processing; 
Homeland security; 
Nanotechnology.

 These and other applications require new modeling and dose distribution calculation 
methods. The progress in the field of instrumental and modeling methods may allow to achieve 
better control of Sterility of Assurance Level (SAL) which can allow to apply, if regulated, 
optimum dose leading to higher throughput. Sometimes it is good to recall basics concerning the 
dose rate calculations that explain why in the on-line systems almost exclusively electron 
accelerators are applied. The continuous flow of material irradiators was proposed by different 
authors, were applied in the industrial scale for flue gas and wastewater irradiation. Another 
application is sludge hygenization. However, low energy accelerators were applied for on-line 
surface sterilization as well .The flow mixed reactor has been applied for natural latex vulcanization 
as well. This is a new approach from the point of view of radiation process engineering. It is well 
known that chemical or material engineering mostly apply high temperature and/or high pressure 
processes for material synthesis/modification and quite often a catalyst is required to speed up the 
reaction. Radiation is the unique source of energy, which can initiate chemical reactions at any 
temperature, including ambient, under any pressure, in any phase (gas, liquid or solid), without the 
use of catalysts. However, the temperature rise factor should be considered when material is 
processed with the high dose. 

 The new application of radiation is homeland security. This subject was reviewed during the 
NATO workshop held in Budapest, Hungary in March 2004. 
Environmental application possible reduction of Persistent Organic Pollutants (POPs) by electron 
beam or combined processes is being studied. Final success depends on clear demonstration of 
toxicity reduction and economical feasibility e.g. by the hybrid processes applications. However, if 
process developed, it can be implemented to destruct dioxins in off-gases emitted from municipal 
waste incinerator.  

 The natural polymer radiation treated products and nanotechnology are other emerging 
applications. 
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Safe Industrial Electron Accelerators Operation  
in Extended Period of Exploitation 

Z. Zimek 

Institute of Nuclear Chemistry and Technology,  
Department of Radiation Chemistry and Technology, 
Dorodna 16, 03-195 Warsaw, Poland 

E-mail address: zimek@orange.ichtj.waw.pl

Accelerators in general are electrical machines capable to accelerate charged particles of matter. The first 
charged particles accelerators have been developed at the beginning of thirties, when several different 
apparatus were constructed in a short period of time. The principal rule of any accelerator is connected to 
electric field influence on charged particles. The electric field can be obtained directly when two 
electrodes with different potential are applied or indirectly when the change of magnetic field induces the 
electric field. The principal difference between accelerators are based on differences in electric field 
generation and related to this accelerating section construction and the accelerated particles trajectory 
shape. The fast grow of accelerator developments were primary connected with rapid grow of nuclear 
experimental studies and in secondary terms in relation to wide range of application in medicine, 
chemistry and industry. Totally over 15 000 accelerators have been built according to some estimation. 
Nearly 1 500 accelerators have been implemented for industrial application in the field of radiation 
processing. New ideas for accelerator construction and progress in technical development of electrical 
components, HF and UHF technology were the most importance factors in perfection process of 
accelerator technology. Characteristic steps can be recognized in past of accelerators development: - 
Adaptation of the accelerators primary built for scientific experiments,  
- Electron energy and beam power upgrading of certain accelerator construction for R&D, pilot plants and 
industrial facilities,
- Introduction of computer control system for accelerator start up, full operation and technological process 
management,  
- Reliability improvement according to industrial standards,  
- Accelerator technology perfection (electrical efficiency, cost),  
- Accelerators for MW power beam level, 
- More compact and more efficient accelerator construction.  
Safe industrial electron accelerators operation in extended period of exploitation became a question due to 
over 30 years long period in service of some units and second hand accelerators sometime offered on the 
market. The careful evaluation should be performed to establish critical parameters like: 
- Accelerator reliability (availability),   
- Access to the spare parts and cost of accelerator servicing,  
- Safety interlocks condition and reliability,   
- Quality of cables, wires and rubber tubes which are irradiated by scattered radiation (in some cases 
replacement is needed in 10-15 years intervals).   
One should recognize if second hand accelerator was renovated and it is adequate in spite of:  
- Lack of computer based accelerator control and technological process management,  
- Limited quality control capabilities in relation to present industrial standards,  
- Certain accelerator parameters (electron energy, beam power, electrical efficiency, exploitation cost). 
Positive answer on above topics may allow on successful accelerator exploitation in extended period of 
time. Such evaluation should be repeated in 2-5 years period to avoid rapid change in accelerator 
availability.  
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More conservative direct (transformer) accelerator construction is better suited for longer exploitation 
period to compare with microwave linacs where microwave components with limited life period are 
applied. Progress in development of microwave components creates difficulties in access to old fashion 
spare parts.
The accelerator upgrading program can be applied in some cases to increase electron energy, beam power 
or both, replace certain components when ageing process is particularly intense or replace components 
which are no more accessible as spare parts.  The detail investigation should be made to recognize 
manpower in development and implementation such upgrading program, time needed and available 
financial resources. New accelerator purchasing could be better solution in some cases.  
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Electron Beam Sterilization of the Agaroze Gel Used for Electrophoresis

D. Ighigeanu, D. Martin, E. Manaila, G. Craciun, C. Oproiu, I. Iacob

National Institute for Laser, Plasma and Radiation Physics, Electron Accelerators Laboratory,
#409 Atomistilor St., P.O.Box-MG36, 077125 Magurele, jud. Ilfov, Romania

E-mail: ighi@alpha2.infim.ro

Electron beam sterilization is based on its ability to kill pathogenic microorganisms. It is
applied to a broad range of disposable medical products such as syringes, needles, surgical
sutures, transplant kits, inhalation and dialysis equipment, blood-handling equipment, wound
and burn dressings, gloves, masks, gowns, Petri dishes and pipettes [1. 2]. By this work we
intend to extend the EB irradiation to the sterilization of the agarose gel put on plastic plates.
Electrophoresis of serum proteins on agarose gel is an important investigation method of
variety disproteinemia types, used in clinical laboratory. By this method are separated six
proteic fractions: Albumin; Alpha 1 globulin consisting of α1 lipoproteins and α1 antitrypsin;
Alpha 2 globulin consisting of α2 macroglobulin and haptoglobin; Beta 1 globulin consisting
of transferrin and β lipoprotein; Beta 2 globulin consisting of complement C3; Gamma
globulin consisting of immunoglobulins and fibrogen.
Agarose is a natural colloid extracted from seaweed. It is very fragile and easily destroyed by
handling. Agarose gel can be processed faster than polyacrylamide gels, but the agarose gel is
a favorable medium for the microorganisms’ development, which is the cause for the
degradation of the gel and of the results. Thus, the sterilization of the plates with agarose gels
becomes important. A disadvantage is that ionizing radiation degrades some plastic gels
above a certain absorbed dose level. In view of this important aspects the sterilization of the
agarose gel, which is put on plastic plates, by electron beam irradiation has been studied.
Also, the effects of the electron beam irradiation upon the agarose gel and on the process of
the proteic fraction separation have been investigated. In the experimental studies are used the
plastic plates with 1% agarose gel in Tris-barbital tampon, supplied by DDS DIAGNOSTIC-
Romania. The used migration solution is Tris-barbital tampon pH 8.6. In order to establish the
optimum absorbed dose level for the sterilization of the plates with agarose gel, we studied
the effect of different absorbed doses, from 4 kGy to 20 kGy, by using the accelerated
electron beams of 6.23 MeV from the electron linear accelerator, ALIN-10, built in NILPRP,
Accelerators Laboratory-Bucharest. The electron beam irradiation was applied on the plastic
plates with agarose gel put into the sealed bags made from aluminum foils. The blood serum
from a patient with the normal proteic fractions was used. The separation of the serum
proteins by electrophoresis were performed for both irradiated and unirradiated plates. The
investigation were focused on the concentration changes of the above mentioned six proteic
fractions, albumin, alpha 1, alpha 2, beta 1, beta 2 and gamma, versus the dose irradiation as
compared with the unirradiated sample. Also, the irradiated and unirradiated plates were
microbiological tested on the followed medium types:

Sabouraund medium for the fungi;
Geloza-blood for the gram-positive germs;
CLED medium for the gram-negative germs.

The proteic fraction values are determined with DS2-SEBIA-France density-meter. The
obtained results are presented in Fig. 1.
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Fig. 1. The comparative values for proteic
fractions of the A type samples obtained by

electrophoresis on the unirradiated and
irradiated plastic plate with agarose gel

Fig. 2.EB irradiation facility for the sterilization
of the plastic plates with agarose gel put

into the sealed bags made from aluminum
foils

The comparative studies concerning the values of the separated proteic fractions of the
irradiated and unirradiated plates show that the electron beam irradiation especially affects the
separation of the proteic fraction beta 1 and beta 2. Also, the experimental results show that
the separation of beta 2 fraction decreases beginning with the 8 kGy level after then, at the
20 kGy, the separation of this fraction stops. In this case the beta 1 fraction increases versus
absorbed dose level and finishes by the inclusion of the beta 2 fraction. On the other hand, it
was observed that, above the dose of 9 kGy, the albumin fraction increases. It is important to
note that albumin fraction also increases in the dose range of 4-6 kGy after then decreases and
obtains the same values as the unirradiated sample in the dose range 7-9 kGy. The alpha 1 and
alpha 2 fractions do not exhibit important modifications, only a small decreasing in the dose
range 4-6 kGy and the dose range 9-20 kGy. The electron beam irradiation in the dose range
of 7-9 kGy gives the best results. In this dose range, of 7-9 kGy, the values of the proteic
fraction concentration are not modified and the separation of serum proteic fractions is very
clear. Also, it seems that the dose range of 7-9 kGy improves the proteins separation. This is a
new and very important result. The big doses of 20 kGy much affect the separation of the
serum proteins by the significant increasing of the albumin fraction value. The
microbiological results demonstrate that above 5 kGy the irradiated plates are sterile. The
most important conclusion is that the electron beam irradiation of the plastic plates with
agarose gel put into the sealed bags could become a good sterilization method if the
irradiation dose is optimized and controlled. Fig. 2 shows the EB irradiation facility for the
sterilization of the plastic plates with agarose gel put into the sealed bags made from
aluminium foils

1. Burns, P., Drewell, N. H., McKeown, J. The measurement, control and validation of
critical parameters in an electron beam sterilization facility, Nucl. Instr. and Meth. in
Phys. Res. B 113, 96-98 (1996);

2. Mehnert, R., Review of industrial application of electron accelerators, Nucl. Instr. and
Meth. in Phys. Res. B113, 81-87 (1996).
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Disinfection of Total Coli-forms in the Effluent from Municipal 
Wastewater Plant with Electron Beam 

Y. Kim1), B. Han1), J. Kim1), H. Kang2), K. Shin2)

1) EB-TECH Co. , Yongsan-dong 550 Yuseong-gu, Daejeon 305-380,  Korea 
2) Dept. of Env., Eng., Chungnam Nat'l Univ. Yuseong-gu, Daejeon, 305-764, Korea 

Average annual rainfall in Korea is around 1,270mm and is about 30% more than that of the 
world (973mm), but it varies too much with season and area to control for withdrawal. By 
considering the high population density (3rd in the world), the annual rainfall per capita is 
decreased to only 1/11 (3,000ton/yr/man) of the world average. And even worse, 2/3 of those 
rainfalls are concentrated in 2 or 3 months in summer and hence only 24% of rainfall could be 
accessible for human uses. Demand for fresh water in our country increases gradually with
industrialization and urbanization, but the supply has limitations in its increasing. 

To observe the applicability of electron beam treatment for disinfection of the effluent from
municipal sewage treatment plant, the effectiveness of electron beam irradiation in the
disinfection of wastewater and the improvement of the water quality were measured by
determining the changes in organic matter as indicated by the measurement of BOD, COD 
and TOC. The experiments were conducted with 1MeV, 40kW electron accelerator at EB-
TECH.CO., LTD in Korea. The absorbed doses for all of the experiments were in the region
of 0.2kGy - 1.0kGy. The effluent used for this research was from the Daejeon sewage
treatment plant, and the effluent is taken after the activated sludge treatment - just prior to 
discharge. Estimates of E-Coil. and total coli-forms of bacteria were determined by the
membrane filter procedures EPA Method. After Irradiation, the change of characteristics in 
effluent was measured as BOD and COD, EPA method. Fig. 1 shows the bench scale electron 
beam irradiation system used in this research. 

FIG. 1 Schematic diagram of experimental apparatus 
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It is observed that nearly 100% of E-Coli. and total coli-forms were inactivated with a dose of 
0.8kGy. Even with the lower dose of 0.2kGy, the E-Coli. and total coli-forms were 
successfully inactivated to the level of the guideline for effluent discharge. Besides 
disinfection of total coli-forms, approximately 50% of removal in biochemical oxygen 
demand (BOD) was pronounced at a dose of 0.2kGy. More than 20% removal in suspended 
solids (SS) and turbidity was also observed at a dose of 1.0kGy.

FIG. 2 Disinfection of E-Coli. with different doses

Based on the data obtained in the laboratory experiments, the suitable doses are determined as 
around 0.2 kGy for the flow rate of 100,000m3 effluent per day. Therefore, accelerator with
the power of 400kW is applied for economies and compactness of the plant. Cost for high 
power accelerator is around 2.0~2.5M$ and building, piping, other equipment and 
construction works could be estimated 1.0~1.5M$. Even by considering the additional cost for 
tax, insurance and documentation as 0.5M$, the overall cost for plant construction is 
approximately 4.0~4.5M$. Expected construction period includes 11 months in civil and 
installation works and 3 months for trial operation. To estimate the operation cost, the 
electricity consumption is estimated for accelerator with 500kW (80% efficiency) and other 
equipment in additional 300kW to the total of 800kW. Based on the year round operation 
(8400hr/yr), it costs 336,000$/yr when the cost of electricity (kWh) was assumed to be 0.05$. 
The labor cost is calculated 3-shift with one additional operator and is approximately
100,000$/yr. Thus, the actual operation cost for 100,000m3/day plants is 436,000$/yr and if
we consider the interest and depreciation of investment, the cost comes up to around 1M$/yr.
It is approximately 0.12$/m3 for construction and 0.03$/m3/yr for operation of above re-use 
plant, and is inexpensive compared to other advanced oxidation techniques such as Ozonation,
UV techniques etc.. 

[1] John E.Thompson and Erenst R. Blatchley, "Toxicity effects of -irradiated wastewater 
effluents, Wat. Res. 33(9), 2053-2058, 1999 

[2] Lessel T and Suess A, "Ten year experience in operation of sewage sludge treatment
plant using gammar irradiation", Radiat. Phys.Chem., 24, 13 16, 1984

[3] Makni, H, "Disinfection of secondary effluents by infiltration percolation", Wat. Sci 
Tech., 43(12), 175-178, 2001 

[4] Wang, T, Waite, T.D, Kurucz C, and Cooper, W.J "Oxidant reduction and 
biodegradability improvement of paper mill effluent by irradiation", Wat. Res. 28(1) 
237~241, 1994
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THE SUBCRITICAL ASSEMBLY AT DUBNA (SAD): COUPLING ALL MAJOR 
COMPONENTS OF AN ACCELERATOR DRIVEN SYSTEM (ADS) FOR NUCLEAR 
WASTE INCINERATION 

V.N.Shvetsov1), C. Broeders2), I.S. Golovnin3), E.Gonzalez4), W. Gudowski5), F. Mellier6),
B.I. Ryabov7), I.T. Tretyakov8), M.T. Vorontsov9)

1) FLNP JINR, 141980, Joliot-Curie 6, Dubna, RU 
2) FZK Postfach 3640, 76021 Karlsruhe, DE 
3) VNIINM, 123060, P.B. 369, Moscow, RU 
4) CIEMAT, 28040, Avda. Complutense 22 Edif. 17., Madrid, ES 
5) KTH, Nuclear and Reactor Physics, 10044, Lindstedtsv. 24, Stockholm, SE 
6) CEA Cadarache, 13108, DEN/DER/SPEx/LPE – bat. 242, St. Paul les Durance, FR 
7) Industrial Association “Mayak”, 456780, Lenin 31, Ozersk, RU 
8) NIKIET, 101000, P.B. 788, Moscow, RU 
9) GSPI, 107078, Novoryazanskaya 8a, Moscow, Russia 
shv@nf.jinr.ru
broeders@irs.fzk.de

Various concepts of accelerator driven systems (ADS) for the incineration of nuclear wastes 
like minor actinides (MA) and long-lived fission products (LLFP) are under investigation now 
worldwide. Creation of large subcritical accelerator driven systems ADS should precede 
experimental checks of the theoretical predictions and estimation of technological features of 
such systems. Tasks requiring the solution are: 

- Active core design; 
- Safety assessment; 
- Fuel, target and reflectors; 
- Keff control and monitoring; 
- High-energy neutrons shielding. 

To resolve some of this tasks the ADS with thermal power of several kW is sufficient. At the 
present time the project on creation of the 27 kW ADS with U-Pu MOX fuel is under 
realization at JINR. Existing 660 MeV proton accelerator will drive subcritical core of the 
SAD installation. Main components of the designed facility are: 

- U-Pu MOX multiplying blanket;  
- Replaceable (Pb or W) spallation target; 
- Proton beam line, delivering 1 kW beam from the existing proton accelerator to the 

spallation target.  

Current status of the project will be reported. 
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A REFERENCE CONCEPT FOR ADS ACCELERATORS*

Alex C. MUELLER 
CNRS-IN2P3
Accelerator Division, Institut de Physique Nucléaire 
F-91406 Orsay Cedex, France 
E-mail: mueller@ipno.in2p3.fr 

Accelerator Driven Systems (ADS) for transmutation of nuclear waste require proton 
accelerators delivering order-of-magnitude proton fluxes of 5 - 10 mA for demonstrators and 
20 - 50 mA for large industrial systems. The envisaged energy range is 350 MeV - 1 GeV. 
These characteristics show that such a machine belongs to the category of the so-called HPPA 
(high-power proton accelerators), with multi-megawatt beam power. HPPA are presently very 
actively studied (or even under construction) for a rather broad use in fundamental or applied 
science.

Compared to other HPPA, many features and requirements are similar for the ADS 
driver, however, there is a need for exceptional "reliability". Because of the induced thermal 
stress to the subcritical assembly, the number of unwanted "beam-trips" should not exceed a 
few per year, a requirement that is several orders of magnitude above usual performance. 

Consecutive to the work of the European Technical Working Group (ETWG) on ADS, 
the Preliminary Design Study of an Experimental ADS (PDS-XADS) was launched in 2001 as 
a 5th Framework Program EC project. A special working package (WP3) was dedicated to the 
accelerator design, and in particular taking into account that the issue of "beam-trips" could be 
a potential "show-stopper" for ADS technology in general.

A reference solution, based on a linear superconducting accelerator with its associated 
doubly achromatic beam line has been worked out up to some detail. For high reliability, the 
proposed design is intrinsically fault tolerant, relying on highly modular “de-rated” components 
associated to a fast digital feedback system. The proposed solution also appears to be robust 
concerning operational aspects like maintenance and radioprotection. A roadmap for 
construction as well as the required consolidated budget was elaborated. A program for the 
remaining R&D, focused on experimental reliability demonstration of prototypical components 
has been elaborated. This R&D will be performed in the approved 6th Framework Program EC 
project "EUROTRANS", which presently is just starting. 

The present talk will summarize all the above mentioned aspects. The speaker, as 
coordinator of this work, would like to thank all his colleagues from the PDS-XADS WP3 
collaboration belonging to the following institutions: ANSALDO (Italy), CEA (France), 
CNRS-IN2P3 (France), ENEA (Italy), Framatome ANP (France), Framatome GmbH 
(Germany), IBA (Belgium), INFN (Italy), ITN (Portugal), University of Frankfurt (Germany). 

* Work accomplished within the European Commission Contract N° FIKW-CT-2001-00179, "PDS-XADS
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OPTIMISATION OF ACCELERATOR RELIABILITY FOR ADS: EXAMPLE 
OF SC CAVITIES AND THE ASSOCIATED RF POWER COUPLERS 

Lucija LUKOVAC 

Accelerator Division, Institut de Physique Nucléaire  
F-91406 Orsay Cedex, France 
E-mail : lukovac@ipno.in2p3.fr 

In order to limit as much as possible the number of thermal shocks in the 
spallation target and the reactor core, ADS-class accelerators require an extremely high 
reliability of less then 5 beam-trips per year. The recent European (PF5) Study PDS-
XADS has established the following to be the main parameters for reliable accelerator 
operation: the redundancy, the fault tolerance and a maintenance strategy that can 
guarantee 20 years of functioning.

In this talk the advancement of the reliability studies done at the Institute of 
Nuclear Physics in Orsay will be presented. The low level RF fast feedback system for 
the SC cavities operation, providing the necessary beam stability, will be discussed. Also 
the conception of the RF power coupler is given requiring a high level of robustness.
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MYRRHA – A Proof-of-Principle ADS Facility

H. Aït Abderrahim 

SCK•CEN 
Boeretang 200, 2400 Mol, Belgium 
haitabde@sckcen.be

ABSTRACT 

Since 1998, SCK•CEN in partnership with many European research laboratories, is designing 
a multipurpose ADS for R&D applications –MYRRHA - and is conducting an associated 
R&D support programme. MYRRHA is an Accelerator Driven System (ADS) under 
development at Mol in Belgium and aiming to serve as a basis for the European experimental 
ADS to provide protons and neutrons for various R&D applications. It consists of a proton 
accelerator delivering a 350 MeV*5 mA proton beam to a liquid Pb-Bi spallation target that 
in turn couples to a Pb-Bi cooled, subcritical fast core. 
In a first stage, the project focuses mainly on demonstration of the ADS concept, safety 
research on sub-critical systems and nuclear waste transmutation studies. In a later stage, the 
device will also be dedicated to research on structural materials, nuclear fuel, liquid metal 
technology and associated aspects and on sub-critical reactor physics. Subsequently, it will be 
used for research on applications such as radioisotope production.  
A first preliminary conceptual design file of MYRRHA was completed by the end of 2001 
and has been reviewed by an International Technical Guidance Committee that concluded that 
there were no show stoppers in the project even thought some topics such as the safety studies 
and the fuel qualification need to be addressed more deeply before concluding. In this paper 
we are reporting on the state-of-the art of the MYRRHA project at the beginning of 2005 and 
in particular the results of the safety studies and how MYRRHA could be demonstrating the 
ADS concept.
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APPLICATION OF LOW ENERGY ACCELERATORS FOR THE INVESTIGATION OF 
ADS NEUTRONICS 

S.E. Chigrinov, I.G. Serafimovich, V. V. Bournos, Yu. G. Fokov, S.V. Korneev, 
S.E. Mazanik, A.A. Adamovich, H.I. Kiyavitskaya, C.C. Routkovskaia, 
A.V. Kulikovskaya, A.M. Khilmanovich, B.A. Maztsinkevich, T.N. Korbut\ 
Joint Institute for Power&Nuclear Research Institute – Sosny 
National Academy of Sciences, Belarus 
Minsk, acad. Krasin str.,99 
E-mail: anna@sosny.bas-net.by

The experimental research of various aspects of ADS on the basis of low energy accelerators – 
cyclotrons, microtrons, as well as deuterium or tritium ions accelerators – neutron generators of 
high intensity looks very prospective. Such installation are not very epensive, reliable in 
maintenance and operation and at present are widely used in scientific research, industry, 
medicine etc. 

The application of such accelerators integrated with subcritical multiplying systems gives the 
opportunity to carry out the experimental research of various aspects of ADS technologies and to 
outline future investigations at high energy particle accelerators. 
The program of ADS neutronics experimental investigations have been realized at the subcritical 
facility “Yalina” created at the National Academy of Sciences of Belarus in the frame of the 
ISTC Project B-70. In the paper main results of “Yalina” neutronics experimental research are 
presented.
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Subcritical Assemblies with fast and thermal neutron spectrum 
driven  with High Intensity Neutron Generator NG-12-1.

S. Chigrinov,V. Bournos, I.Serafimovich, Yu. Fokov, A. Fokov, C. Rutkovskaia, N. 
Voropai , A. Kievitskaja

Joint Institute for Power and Nuclear Research-Sosny of the  National Academy of 
Sciences, Minsk-Sosny, 220109, Republic of Belarus

E-mail of main author: S.Chigrinov@sosny.bas-net.by

The investigations in the field of nuclear physics, development of numerical calculation 
methods for nuclear reactors, neutron physics and etc. are carried out at the Joint  Institute
for Power and Nuclear Research - Sosny (JIPNR-Sosny) since the 60s after putting  into 
operation the research reactor and the critical assemblies. A large range of different 
configuration (geometry,composition) of critical assemblies have been constructed at the 
NAS Belarus during 25 years of studding  neutronic of the special (fast and thermal)
reactors. The Chernobyl accident brought a massive public reaction to nuclear efforts and 
the reactor ceased operation in 1987 and was shut down in 1991 and all investigations
using of the reactor neutrons were interrupted. Closure of the reactor led to new endeavors 
being undertaken at NAS Belarus including the coupling of a high-yield  neutron generator 
to a sub-critical assemblies fuelled with high enriched uranium. The neutron generator NG-
12-1 consists of a high-current deuteron accelerator, highly effective water-cooling rotating 
Ti3H (TiD) 230 mm diameter target and has been operated since 1997 as intense 
continuous neutron source of (1.5-2.0) 1012 n/s at maximum with neutron energy 13.0 - 
15.0 MeV and a continuous neutron source of (2.0-3.0) 1010 n/s at maximum with neutron 
energy 2.0- 3.0 MeV. When operating in the pulse mode the neutron beam pulse can be 
adjusted from 0.5µs up to 100µs and pulse repetition rate can be vary from 1 Hz to 10 000 
Hz. According research program of the NAS of Belarus the experimental facility ˝Yalina˝
consisting of the sub-critical assembly with neutron thermal spectrum (source neutron 
multiplication factor Ms of the assembly is in the range of 10   Ms  50),  high intensity 
neutron generator and measurement systems  was developed and put into operation in 
2001. The core of the subcritical assembly is a rectangular parallelepiped 40.0cm width 
,40.0cm length and 57.0 cm height . It is assembled from polyethylene blocks with the 
channels to place the fuel pins and has a square lattice with 2.0 cm pitch. The  subcritical 
assembly  has been loaded with UO2 fuel (U-235 enrichment equal to 10 %). Central part
of the core is a neutron producing lead target 10 cm diameter and 60 cm length. There are 
channels for location of detectors of neutron flux  monitoring system at the boundaries of 
the core and   experimental channels  with diameter of 25 mm for  radii 5, 10 and 16 cm
for  placing different type of samples  or Cf-252 source  inside the  core. The core is
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surrounded by high purity graphite  reflector  40.0 cm  thickness and thin  1.5 mm Cd 
layer. The ˝Yalina˝  facility can be used to study  the physics  of multiplying media  at 
different subcriticality levels, large range of  different configurations (geometry, 
composition) and external sources (Cf-252, D(d,n)He-3,D(T,n)He-4). A wide experimental 
program on the basis of the facility since that time has been already performed. The 
measurements of spatial neutron flux distribution, spectral indices, external neutron source 
importance, transmutation reactions rates (129I,237Np, 243Am), neutron flux time evolution,  
multiplication factor Keff,  source  multiplication factor Ks for  different levels of 
subcriticality of the assembly driven  by neutron generator operating in continuous  and 
pulse modes with Ti3H, TiD targets and 252Cf source placed  at various position inside the 
core  is going on. The analysis of the sequence of experimental data has been performed 
with MCNP code and with different neutron libraries (ENDFB-VI, ENDFB-IV). The 
comparison of the theoretical and experimental data shows that in a number of cases they 
agree relatively well within error margins. 

 Further investigations at the National Academy of Sciences of Belarus will be performed 
in the framework of strategy of booster sub-critical systems driven by a neutron generator. 
The facility will be put into operation by May of 2005. The basic idea  of a fast spectrum 
booster coupled one way to a thermal spectrum system is well known  and consist in 
enhancement of the importance of the external neutrons source  by placing  a booster 
around the source located an the core center with the main sub-critical  thermal part of the 
core  surrounding  the booster. The assembly will consist of booster (fast) zone (Keff. = 
0.67) and thermal zone (Ktheff. = 0.95) separated by thermal neutron absorber. First zone 
of the booster is assembled from fuel rods with metallic uranium of 90 % enrichment 
placed in lead blocks having square lattice with pitch equal to 1, 14 cm.  Second booster 
zone is arranged of lead blocks as well with rods of uranium dioxide fuel of 36% 
enrichment. This part of the booster has square lattice with pitch equal to 1.6 cm.  There is 
a neutron producing lead target at the core center. The thermal neutron absorber layer of 
3cm thickness consists of natural uranium rods   and B4C rods and has the same pitch equal 
to 1.6 cm. The construction of the biggest part of sub-critical assembly, thermal zone, is 
identical to the facility with neutron thermal spectrum. Multiplication factor Keff of such 
combined sub-critical assembly, according calculations performed with code MCNP is 
equal to  Keff = 0.975.  The experimental facilities allows to deliver valuable data in the 
following fields: measurements of transmutation rates of fission products and minor 
actinides, investigation of spatial kinetics of the sub-critical systems with external neutron 
sources, validation of the experimental techniques for, e.g., sub-criticality monitoring, 
neutron spectra measurement, safety research on sub-critical systems and technological 
applications such as neutron activation analysis, production of isotopes for calibration of 
gamma spectrometers, de-mining etc.
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New Opportunities for the Utilization of Electron Accelerators
in Polymer Processing Industries 

Olgun Güven 

Department of Chemistry, Hacettepe University, Beytepe, 06532, Ankara, Turkey

Guven@hacettepe.edu.tr

A review on the current and emerging applications for electron beam processing shows that 
polymers dominate the industry. Electron beam treatment of polymers has been extensively 
researched to understand how to exploit and control the effects of ionizing radiation to design 
and manufacture commercially viable new products. The emerging applications of electron 
beam processing of polymers in fact are still based on the already known major effects of 
radiation on polymers; namely, crosslinking, curing, grafting and chain scission. The new 
developments and hence opportunities appearing in electron beam processing of polymers are 
arising as a result of the synergy achieved through the developments on design and 
manufacture of new low, medium and high energy accelerators with relatively high powers 
and innovative approaches in material formulation better suiting to radiation processing. 

Some examples of  recently established and newly emerging applications of electron beam 
processing of polymers with high potential for commercialization will be reviewed in this 
paper under the subtitles of crosslinking, curing, grafting and chain scission with short 
descriptive notes on some selected applications:  

Crosslinking 
i) High temperature irradiation for enhanced crosslinking of thermoplastics in 

oxygen free atmospheres. Crosslinking of ultra-high molecular weight 
polyethylene for arthroplasty, crosslinking of poly(tetrafluoro ethylene) for 
improved radiation resistance, crosslinking of polycarbonate for improved 
hardness.

ii) Crosslinking of very long polyethylene tubing for water supply and gase pipes, 
crosslinking of polyamide and thermoplastic elastomers for electrical and 
automotive industries to replace traditionally made more expensive engineering 
plastics.

iii) Radiation vulcanization of natural rubber latex using low energy electron 
accelerator. Growing concerns over allergic reaction caused by the use of different 
medical products made from conventionally cured latex has created an opportunity 
for this technology, since the allergy does not seem to be caused by the radiation 
vulcanized products. 

iv) Electron irradiation of aqueous hydrophilic polymer solutions for preparing 
hydrogel wound dressings was the first commercial application in the area of 
biomaterials. Poly(vinyl alcohol) based hydrogels and incorporation of healing 
aids constitute some of the developments in this area. 

Curing
v) Advanced Composites: Electron beam curing and electron beam repair of fibre-

reinforced composites has seen a breakthrough with developments that allow the 
conventional epoxies used by the aerospace industry to be cured by electron beam 
irradiation. 

IAEA-CN-115/43

67



vi) Electron beam crosslinked polyacrylate nanocomposites for curing applications to 
obtain materials with markedly improved properties such as increased modulus 
and heat resistance, improved scratch and abrasion resistance as well as reduced 
gas permeabilites. 

vii) Adhesives: Electron beam curable epoxy adhesives that can bond composite to 
composite, aluminum to aluminum and aluminum to composite with the objective 
of producing adhesives with glass transition temperatures higher than 200oC and 
high lap shear strengths. 

Grafting
viii) Radiation grafting for the preparation of specialty adsorbents for the recovery of 

rare metals from sea water. 
ix) Radiation-initiated nano-surface modification for tissue engineering. By 

optimizing electron beam grafted responsive polymer thickness, cells grown on a 
substrate harvested by controlling the external stimuli such as temperature. 
Electron beams are uniquely useful to prepare large amount of stimuli-sensitive 
culture surfaces required for tissue engineering in a simple way. 

x) Radiation-induced grafting of germicides onto cotton fabric to impart anti-bacterial 
property aginst strains like E. Coli and S. Aureus. 

Chain Scission 
xi) Electron beam lithography: Breakthroughs in the last few years have resulted in 

electron beam processed lithographs showing high-quality features in the range of 
0.1 microns and even smaller. Using a 100 keV beam with magnetic lens, the 
production of features with 180 nm and below has been demonstrated. 

xii) Electron irradiation for viscose manufacture: Electron irradiation of paper pulp for 
molecular weight control of cellulose has proved to bring unique advantages to 
this old technology. 

xiii) Radiation degradation of polysaccharides for food industry, and agricultural 
applications such as promotion of plant growth 

xiv) Irradiation for recycling of plastics and rubbers. Due to the ability of ionizing 
radiation to alter the structure and properties of bulk polymeric materials and the 
fact that it is essentially applicable to all polymer types, irradiation holds promise 
for impacting the polymer waste problem. 

IAEA-CN-115/43

68



Synergistic Effects Obtained by Combined Electron Beam and Microwave
Irradiation

D. Martin, E. Manaila, D. Ighigeanu, G. Craciun, C. Oproiu, N. Iacob

National Institute for Laser, Plasma and Radiation Physics, Electron Accelerators Laboratory,
#409 Atomistilor St., P.O.Box-MG36, 077125 Magurele, jud. Ilfov, Romania

E-mail: martin@alpha2.infim.ro

A new method based on microwave energy addition to accelerated electron beam energy for
material processing was developed. The main idea of this work was to combine the
advantages of both electron beam (EB) irradiation and microwave (MW) irradiation, i.e. EB
high irradiation efficiency and MW high selectivity and volumetric heating, for material
processing. The first expected and obtained result was the decrease of the required EB
absorbed dose. Thus, the ionizing radiation costs could be reduced and the application of low
intensity EB accelerators will become very economically attractive in the material-processing
field. Another expected and obtained result was the improvement of material properties. A
special designed facility consisting of an EB accelerator of 5.5 MeV and a MW source of
2.45 GHz and 1.6 kW that performs combined EB and MW irradiation is presented. There are
three fields of interest under our investigation for application of combined EB and MW
irradiation: environmental waste treatment (sewage sludge, flue gases), sterilization (food
residuals, hospital wastes) and food quality and safety. Both, EB (ionizing radiation) and MW
(non-ionizing) material processing are based on the radiation ability to alter physical and
chemical properties of materials. Irradiation with electron beams was put forth as a very
effective method for material processing because can produce ions, electrons, and free
radicals at any temperature in the solid, liquid and gas. EB processes are very effective for
material processing but the required absorbed dose is still high for pollutants removal,
sterilization, vulcanization, etc. MW processing of materials is a relatively new technology
that provides new approaches to improve the physical properties of materials and to produce
new materials and microstructures that cannot be achieved by other methods. MW processes
are less effective for material processing than EB processes but the cost of microwave
systems is considerably smaller than ionizing radiation systems. Low irradiation doses are
required for the process efficiency and a high dose rate must be used to give large production
capacities. Thus, for industrial scale processing, the problem of reducing the absorbed dose
level as well as the electron beam cost is especially important. The advantages of the use of
microwaves and microwave systems can be summarized as follows: rapid energy transfer,
volumetric and selective heating, very high heating rate, convenient and clean heating, fast
switch on and off, clean environment, free from products of combustion, compact equipment,
the microwave system cools very rapidly when the field is switched off. The following types
of irradiation procedure were performed: separate EB irradiation; separate MW irradiation;
successive irradiation: first MW irradiation and then EB irradiation, (MW+EB); successive
irradiation: first EB irradiation and then MW irradiation, (EB+MW); simultaneous irradiation
with EB and MW, S(EB+MW). Fig. 1 and Fig. 2 give two examples concerning the combined
EB and MW application to corn meal and corn bran decontamination, respectively. The
results showed that successive MW+EB irradiation reduces the total number of germs (TNG)
7.39 times and 8.77 times more than separate EB and separate MW irradiation, respectively.
Also, the EB required absorbed dose with successive MW+EB irradiation for corn meal
samples is decreased by a factor of 5 compared to separate EB irradiation.
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Fig. 1. The effect of different irradiation modes
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Fig. 3. The effect of different irradiation modes
upon sewage sludge TNG

Fig.4. Combined EB and MW irradiation
facility (5.5MeV EB accelerator ALID-7 +
MW generator of 2.45 GHz and 1600W)

Corn bran NTG are decreased 12 times and 25 times more by successive MW+EB irradiation
than by separate EB irradiation and separate MW exposure, respectively. Also, the EB
required absorbed dose for corn bran samples is decreased by a factor of two compared to
separate EB irradiation. It seems that successive MW+EB irradiation is more efficacious than
successive EB+MW irradiation. Fig. 3 presents the results obtained by separate EB
irradiation, separate MW irradiation and simultaneous irradiation upon TNG in sewage sludge
samples of 10-4 m3 performed from a food industry wastewater treatment station (vegetable oil
plant). Fig. 3 demonstrates that the simultaneous EB and MW irradiation produces the biggest
reduction of TNG. Thus, 3 minutes irradiation time of simultaneous EB of 2 kGy and MW of
670 W has the same effect upon TNG as separate EB irradiation of 10 kGy. Also, 1-minute
irradiation of simultaneous EB of 0.5 kGy and MW of 670 W has the same effect upon
sewage sludge NTG as separate EB irradiation of 4 kGy. Fig. 4 presents the combined EB and
MW irradiation facility built in the Electron Accelerator Laboratory from NILPRP-Romania.
This installation consists mainly of the following units: a linac ALID-7 of 5.5 MeV, a
2.45 GHz microwave source, a microwave rectangular applicator used as irradiation chamber,
in which are injected both, electron beam and microwaves. It is used with conveyor at the
small-pilot plant level for the development of combined EB and MW irradiation methods.

[1] Tata A. And Beone F. Hospital waste sterilization: A technical and Economic comparison
between Radiation and Microwave treatments, Radiation. Phys. Chem. Vol 46, No.4-6, pp.
1135-1157 (1995).
[2] Mehnert, R., Review of industrial application of electron accelerators, Nucl. Instr. and
Meth. in Phys. Res. B113, 81-87 (1996).
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Electron Beam Processed Polyelectrolites

E. Manaila, D. Martin, D. Ighigeanu, G. Craciun, C. Oproiu, N. Iacob

National Institute for Laser, Plasma and Radiation Physics, Electron Accelerators Laboratory,
#409 Atomistilor St., P.O.Box-MG36, 077125 Magurele, jud. Ilfov, Romania

E-mail: elenam@alpha2.infim.ro

Electron-beam induced polymerization of water-soluble monomers is shown to drive the
formation of water-soluble polymers. These have application for waste water stream
remediation [1]. Irradiation parameters and precursor solution compositions (aqueous
solutions of acrylamide and acrylic acid) have been identified that yield a water-soluble
polymer with targeted properties. The process has been demonstrated in a small- scale
operation with a laboratory electron accelerator of 5.5 MeV and 780 W and in a pilot-scale
operation with an industrial electron accelerator of 1.8 MeV and 10.8 kW. The major
advantages of EB induced polymerization are: ease of manipulating the molecular weight
from low to very high values by simple changing of the feed composition and changing the
composition of the product by incorporating different monomers; precise control of charge
density and of molecular weight distribution; high production rate: from 500 to 2000 kg/h for
each kW of electron beam power. The entire process is very clean and apart from the above
advantages, we can obtain product with very low residual monomer contents that can also be
used for potable water applications. The characteristics of the acrylamide-acrylic acid
copolymers are influenced by the following factors: chemical composition of the solutions to
be irradiated, absorbed dose level (D = energy quantity per unit mass in Gy or J kg-1) and
absorbed dose rate level (D* = energy quantity per unit mass and unit time in Gy/s or
J kg-1 s-1). Many years of investigations of polymeric material properties [2] demonstrated that
electron beam (EB) induced polymerization yields, under proper irradiation conditions and for
optimised chemical composition of the monomer mixtures to be irradiated, higher conversion
efficiency (near 100%) and lower residual monomer concentration (under 0.01%) than
classical polymerization of the acrylamide-acrylic acid aqueous solutions. EB induced
polymerization involves the Coulomb interaction of the accelerated electrons with atoms or
molecules in the irradiated medium. These interactions generate reactive ions, thermalized
electrons, excited states and radicals to drive the chemical reactions. In radiation-initiated
polymerization any substance when added to a monomer absorbs the radiation energy, and
this results in various secondary processes, which finally lead to an additional production of
free radicals. Indeed, due to water presence in the EB irradiated system, the role of the
radicals originating from irradiated water is predominantly that of the radicals, which come
directly from the monomer irradiation. Thus, irradiated water radicals facilitate the
polymerization process and decrease the required absorbed dose level to the lower range, of
0.3-1 kGy for acrylamide-acrylic acid copolymers. Also, due to the larger acrylamide
radiation reactivity (rAMD =1.6) in comparison with acrylic acid reactivity (rAA=0.6) and also,
the residual monomer concentration of acrylamide (a toxic monomer) is about 2.8 times
smaller than the residual monomer concentration of acrylic acid, in the composition of
acrylamide-acrylic acid copolymers. Unfortunately, optimised radiation dose and optimised
chemical compositions are not sufficient in all situations, such as for high absorbed dose rate
levels, because of the strong dependence of the free-radical polymerization on the radiation
intensity. Large dose rates (higher than 0.1 kGy/s), lead to a decrease in efficiency of the
polymerization process because of the dependence of free-radical reactions on the electron
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beam intensity. At high absorbed dose rates, the level of the necessary absorbed dose much
increases, monomers conversion decreases and the polymer degrades into a product of lower
molecular weight due to a random main-chain-scission process. Also, at large dose rates, the
copolymer parameters become very sensitive to the chemical composition and variations in
absorbed dose level. Low-radiation doses are required for high process efficiency but high
dose rates must be used to promote high production capacities. In view of these arguments
many experimental studies were carried out in order to improve the process efficiency and the
polyelectrolyte properties under high-absorbed dose rate conditions. The additional
introduction of NaCl into acrylamide-acrylic acid aqueous solutions under irradiation
markedly increases CC to nearly 100 % and decreases Mr to under 0.01% while Huggins
constant remains below 0.5 (water-soluble polyelectrolytes), especially at high dose rates. The
optimum absorbed dose D0 for the acrylamide-acrylic acid aqueous solution polymerization,
established by optimization of chemical composition and irradiation conditions, is rather
small, at about 1 kGy. This makes the use of electron beam processing very economically
attractive in this type of application. Thus, if all auxiliary systems are suitably adapted and
automated, the estimation of processing rate is up to 1800 kg/h for an electron beam having 1
kW of power and for an EB power utilization factor of 0.5. For industrial waste water
treatment, the acrylamide - acrylic acid copolymers are used in the range of 4 to 8 g per 1 m3

of wastewater and in the range of 0.2 to 0.5 g per 1 m3 of potable water. A vegetable oil
plant, which processes 100,000,000 kg/year of sunflower oil, produces about 1,260,000
m3/year wastewater. The required quantity of polyelectrolytes for remediation of waste water
is 315-630 kg/year. This quantity can by achieved using this technology in a very short time.
Three electron accelerators were used as EB sources: the electron accelerator ALIN-10 of 6.23
MeV and 82 W (for experiments at low dose rate level), the electron accelerator ALID-7 (Fig.1)
of 5.5MeV and 780W (for experiments at median dose rate level) and electron accelerator ILU-
6M (Fig. 2) of 1.8MeV and 10.8kW (for experiments at high dose rate level). ALIN-10 and
ALID-7 are built in the Electron Accelerator Laboratory from NILPRP-Romania. Both,
ALIN-10 and ALID-7 are travelling-wave type linacs, operating in the π/2 mode and driven
by EEV M 5125-type magnetrons operating in S-band. ILU-6M was built at Institute of
Nuclear Physics, Novosibirsk, Russia and is in operation at Electrical Project and Research
Institute-Bucharest.

Fig.1a. ALID-7
(accelerating
structure and

microwave system)

Fig. 1b. ALID-7
scnner

and circular
conveyor (325 cm

average diameter, 50
cm width)

Fig. 2. The irradiation facility for EB processed
poloyelectrolites at pilot -scale. Lateral view of the
ILU-6M scanner (1.1 m beam width) and conveyor
(surface of the platform conveyor: 0.5 m2 to 3 m2)

[1] McCormick, Charles L., et al.,Roles of Molecular Structure and Solvation on Drag
Reduction in Aqueous Solutions. In Water Soluble Polymers Synthesis, S.W. Shalaby, G.B.
Bulter, co-editors, Washington, DC: ACS, (1991), 320-327.
[2] D. Martin, et al., Materials and Manufacturing Processes, vol. 14, No. 3 (1999) 347-364.
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E-mail address of main author :  bshan@eb-tech.com 

Laboratory feasibility study. Daegu Dyeing Industrial Complex (DDIC) includes about 
hundred factories occupying the area of 600,000m2 with 13,000 employees in total. The 
production requires high consumption of water (90,000m3/day), steam, and electric power,
being characterized by large amount of highly colored industrial wastewater. Because of 
increase in productivity and increased assortment of dyes and other chemicals, substantial 
necessity appears in re-equipment of purification facilities by application of efficient methods
of wastewater treatment.. The results of laboratory investigations showed the application of 
electron beam treatment of wastewater to be perspective for its purification The most
significant improvements result in decolorizing and destructive oxidation of organic 
impurities in wastewater. Installation of the radiation treatment on the stage of chemical
treatment or immediately before biological treatment may results in appreciable reduction of 
chemical reagent consumption, in reduction of the treatment time, and in increase in flow rate 
limit of existing facilities by 30-40%. 

Construction of pilot plant. Being convinced with the feasibility of laboratory scale tests, a 
pilot plant for a large-scale test (flow rate of 1,000m3 per day) of wastewater has constructed 
and is now under operation with the electron accelerator of 1MeV, 40kW. The size of 
extraction window is 1500mm in width and Titanium foil is used for window material. For the
uniform irradiation of water, nozzle type injector with the width of 1500mm was introduced. 
The wastewater is injected under the e-beam irradiation area through the injector to obtain the 
adequate penetration depth. The speed of injection could be varied upon the dose and dose 
rate. Once the wastewater has passed under the irradiation area, then directly into the 
biological treatment system.

Figure 1  Schematic diagram of Pilot Plant with e-beam
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Figure 2 shows that the wastewater can be efficiently purified by biological treatment.
However, preliminary electron-beam treatment improves the process, resulting in more
significant decreasing TOC, CODCr, and BOD5. As concerns changes in TOC, CODCr, and 
BOD5 during biological treatment, from 
the data presented in Figure 2 it follows 
that preliminary electron-beam treatment
make it possible to reduce bio-treatment
time twice at the same degree of removal.
Coincident results were obtained in a 
separate set of experiments on the same
pilot plant but with reduced wastewater
flow rate (~130 l/day). In this case inlet 
flow was divided into two flows: the first 
one passed only biological treatment
while the second one passed electron-
beam treatment, then biological treatment
with reduced hydraulic retention time
(HRT). Averaged for one month’s period 
decrease in TOC values amounted 72%, 
for the first flow (48h HRT biotreatment),
and 78%, for the second flow (1 kGy 
electron-beam treatment followed by 24 h 
HRT biotreatment).

Figure 2  Effect of irradiation and biological treatment on wastewater parameters:

a-TOC; b-CODCr; c-CODMn; and d-BOD. 1- after EB treatment; 2- without EB treatment

Construction of industrial plant. On the evaluation of economies and efficiency of pilot 
plant, industrial plant for treating textile dyeing wastewater is under construction from 2003 
for decreasing the amount of chemical reagent, improving the removal efficiency and 
decreasing the retention time in Bio-treatment facility. According to the data obtained in
laboratory and pilot plant experiments with DDIC wastewater, the optimum absorbed dose for
electron-beam treatment was chosen to be near 1 kGy. For those purpose 400 kW electron 
accelerators with three separate irradiators was manufactured as a source of ionizing radiation. 
The plant is located on the area of existing wastewater treatment facility in DDIC and to have
treatment capacity 10,000 cubic meters of wastewater a day using one 1MeV, 400kW
accelerator, and combined with existing bio- treatment facility. This project is supported by
the International Atomic Energy Agency (IAEA) and Korean Government.

[1] Buxton, G. V., Greenstock, C. L., Helman, W. P., Ross, A. B. (1988) Critical review 
of rate constants for reactions of hydrated electrons, hydrogen atoms and hydroxyl
radicals (OH/O-) in aqueous solutions, J. Phys. Chem. Ref. Data, 17,  513-886. 

[2] Han, B., Ko, J., Kim, J., Kim, Y., Chung, W., Makarov, I. E., Ponomarev, A. V., 
Pikaev, A. K. (2002)  Combined electron-beam and biological treatment of dyeing 
complex wastewater. pilot plant experiments, Radiat. Phys. Chem., 64, 53-59. 

[3] Makarov, I. E., Ponomarev A. V., Han, B., (2003) Demonstration plant for electron 
beam treatment of Daegu Dye Industrial Complex wastewater, Report from a technical 
meeting on emerging applications of radiation processing for the 21st century, IAEA 
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PRESENT STATUS OF ENVIROMENTAL APPLICATION OF ELECTRON 
BEAM ACCELERATOR IN BRAZIL 
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The necessity to decrease the environmental contamination caused by toxic flue gases, liquid and solid 
effluent delivered by industries, have resulted in search of new treatment technologies. The oxidation 
processes with OH radicals are the most efficient to mineralize organic compounds, and there are 
various methods to generate OH radicals as the use of ozone, hydrogen peroxide and ultraviolet 
radiation (AOP - Advanced Oxidation Process). The most simple and efficient method for generating 
OH radicals in situ is the interaction of ionizing radiation with water.  

The irradiation of aqueous solutions with high-energy electrons results in the excitation and ionizing 
of the molecules and rapid (10-14 - 10-9 s) formation of reactive intermediates. The most reactive 
species are the reducing radicals solvated electron (e-

aq), and H. atoms and the oxidizing radical 
hydroxyl, OH, the unique process that produce the reducing specie e-aq is the electron beam irradiation 
These reactive species will react with organic compounds present in industrial effluent inducing their 
decomposition. The primary products from water irradiation tend to react with the functional groups 
present in an organic molecule rather than with the molecule as a whole.  

This paper presents the evaluation of ionising radiation effectiveness in actual effluents from different 
industries such as chemical, petroleum, wastewater treatment plant, and drinking water , using 
Electron Beam Facility with a 1.5 MeV, Dynamitron from Radiation Dynamics Inc. The ionizing 
radiation was efficient on destroying organic compounds delivered in industrial effluents, independent 
on the physical-chemical characteristics and origin. The efficiency of ionizing radiation in presence of 
Titanium dioxide (TiO2) catalyzed photoreaction, to treat industrial effluent with high organic 
pollutant concentration is discussed. The main objective to combine these technologies is to improve 
the efficiency for high contaminated effluents and decreasing the required absorbed doses for future 
implementation to large-scale design.

The Gd values presented in the Table 1 show that the electron beam processing is more effective when 
high number of organic molecules are present, because the reaction among reactive transients 
produces more radicals and the process continue.  

Besides the high necessary absorbed doses, it is a promising process for future field implementation 
because, the high complexity of the effluent become its treatment by others technologies, very 
expensive and not so efficient. 
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Table I- Obtained Gd x 103 (mol/J) values for mainly organic compounds in the effluent

Sample Dichloroethane Methyl
isobutyl
ketone

Benzene Toluene Xylene Phenol

WASTEWATER TREATMENT PLANT 
RUI 33.9 25.6 * 15.0 51.6 5.2
CBS 36.4 17.6 * 69.4 29.5 10.7
MBS 27. 1 14.0 * 8.0 9.7 4.8
PS 23.1 9.2 * 7.9 4.8 4.9
FE 11.1 * * 10.2 19.5 11.0

INDUSTRIAL COMPLEX EFFLUENT
ME1 288.9 * * 38.3 391.0 2.6
ME2 18.5 * * 14.2 18.2 0.0
ME3 1.0 * * 6.4 0.6 -0.6
ME4 226.8 101.7 * 64.8 42.2 4.6
ME5 265.1 150.0 * 256.2 121.0 3.7
RES * * * 10.8 * -3.4
PVA * * * 0.5 * 1.4
DET * * * 0.1 0.5 1.0
POI 20.0 * * * * 1.0
SULF 0.4 * * * * *
THIO 4.6 * * * * 0.5
AZO 35.2 * * 5.91 74.3 -3.4

PETROLEUM PRODUCTION 
PUA1 * * 121,2 132,9 302,4 8,7
PUA2 * * 179,1 214,7 1152,4 6,7
PUA3 * * 145,2 384,1 327,9 3,0
PUA4 * * 135,4 212,7 478,7 2,8
PUB1 * * 137,0 42,0 32,5 7,7
PUB2 * * 102,9 53,4 48,1 3,9
PUB3 * * 215,3 102,4 62,3 3,4
PUB4 * * 299,2 134,4 87,2 5,0
* Under the detection limit 

1. C. L. Duarte, L. L. Geraldo, O. A. P. Junior, S. I. Borrely, I. M. Sato, M. H. O. Sampa 
Treatment of effluent from petroleum production by electron-beam irradiation. Radiat. Phys. 
Chem ., v. 71, p. 445-459, 2004. 

2. C. L. Duarte, L.; M. A. RIBEIRO; I. M. Sato, M. H. O. Sampa Efficiency of organic 
compounds removal by electron beam irradiation in presence of high metal concentration.. 
Radiat. Phys. Chem., v. 71, p. 451-454, 2004. 

3. Duarte, C.L.; Sampa, M.H.O; Rela, Oikawa, H. P.R.; Silveira, C.G. “Advanced oxidation 
process by electron-beam-irradiation induced decomposition of pollutants in industrial 
effluents.” Radiat. Phys. Chem., 63 ( 2002) 647-651. 

4. Getoff, N. “Radiation and photoinduced degradation of pollutants in water. A comparative 
study.” Radiat. Phys. Chem., 37(5) (1991) 673-680. 

5. Henderson, S.B.; Grinson, S.J.W.; Johnson, P. and Roddie, B.D. “Potential impact of 
production chemicals on the toxicity of produced water discharges from North Sea Oil 
Platforms.” Marine Pollution Bulletin, 38 (12), (1999) 1141-1151. 
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Since December 1997 more than 250 cancer patients were treated with high-energy carbon ions 
at the GSI therapy pilot facility with very promising clinical results so far [1]. The indications 
comprise mainly inoperable and radio-resistant tumors of the skull base (chordoma,
chondrosarcoma and others) which are located near sensitive organs such as the brain stem or the 
optical nerve. The treatments with a median tumor dose of 60 Gye delivered in 20 fractions were
well tolerated and no significant side effects occurred.  Local tumor control rates after three years
follow-up time were 100% for chondrosarcomas and 81% for chordomas.

In comparison to conventional photon therapy heavy-ion beams offer favourable conditions for
the treatment of deep-seated local tumors [2]. The physical depth-dose distribution in tissue is 
characterized by a small entrance dose and a distinct maximum (Bragg peak) near the end of
range with a sharp fall-off at the distal edge. The well-defined range and the small lateral beam
spread make it possible to deliver the dose with millimetre precision (see Fig.1). In addition, 
heavy ions have an enhanced biological efficiency in the Bragg peak region, which is caused by 
the dense ionization and the resulting reduced cellular repair rate. Furthermore, heavy ions offer 
the unique possibility to apply Positron-Emission-Tomography (PET) techniques for an in-vivo 
range monitoring of positron-emitting isotopes like 11C which are formed in nuclear
fragmentation reactions.

FIG. 1. Carbon-ion treatment plan for a tumor in the skull base. The target volume is close to the
brain stem and optical nerves which can be spared very well by raster scanning techniques.
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 In order to take full advantage of these favourable properties, the pilot therapy unit  at GSI was 
equipped with a world-wide unique beam delivery system (intensity modulated raster scan) [3], 
resulting in a high degree of dose conformation in the target volume. Using 12C ions with 
energies of 80-430 MeV/u from the heavy-ion synchrotron SIS-18, the narrow pencil-like beam 
is moved by fast scanning magnets over one selected slice of the target volume. By choosing 
appropriate steps in the beam energy (defining the depth of the Bragg peak) the whole target 
volume is precisely irradiated slice-by-slice. The treatment planning programmes [4] take into 
account both the physical and biological characteristics of the particle field.

The construction of a new dedicated proton/ion treatment centre (HIT) at the Radiological Clinic 
in Heidelberg with a planned capacity of 1000 patients per year has started in spring 2004. It will 
be equipped with a 360° isocentric Gantry system and two additional treatment rooms with 
horizontal beam lines. Clinical operation is expected to begin in 2007.

[1] Schulz-Ertner, D., et al., "Results of carbon ion radiotherapy in 152 patients", Int. J. Radiation 
Oncology Biol. Phys., Vol. 58 (2004) 631-640. 

[2]  Kraft, G., "Tumortherapy with ion beams, Nucl. Instrum. Meth. A 454 (2000), 1-10. 
[3] Haberer, T., et al., "Magnetic scanning system for heavy-ion therapy, Nucl. Instrum. Meth.   

A 330 (1993), 296-305. 
[4] Krämer M., et al., "Treatment planning for heavy-ion radiotherapy: physical beam model and 

dose optimization", Phys. Med. Biol. 45 (2000) 3299-3317. 
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The aim of the study is to present new possibilities of linear accelerators for electrons 

used in radiotherapy: energy between 4 MeV  - 25 MeV for photons and electrons, and dose 

rate 1 Gy/min in 100 cm from source.  Those accelerators are part of therapeutic line which 

includes  also treatment simulators, treatment planning system and patients database. All 

machines, elements are connected to the  network. Accelerators are supported with 

collimators which also to shape the treatment field individually. The multileafs collimators 

can be used in fixed, static, arc or dynamic techniques in radiotherapy. The largest diameter of 

leafs may be for 2 mm to 1 cm.  The accelerators also have the special device for verification 

of patient positioning during radiotherapeutic session according  to the planned position. 

There is also possibility for dynamic shaping of dose distribution are its verification. In 

radiotherapy use the different systems for verification: one connected directly to accelerator 

or additional devices in treatment room. The matrix detectors use ionizations chamber or 

silicone detectors.  At of above options are used for better protection critical organ protection 

at giving the planned dose for cancer regions.
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Heavy-ion cancer therapy in Fukuoka 
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Heavy ions such as carbon-ion and oxygen-ion have been employed for cancer 
therapy in HIMAC (Japan), HIBMC (Japan) and GSI (Germany) since 1994, and they 
have treated more than 1500 patients with high success rates for certain types of deep-
seated tumors. Another heavy-ion accelerator facility is now being planned in 
Fukuoka, Japan, for medical use, scheduled to begin the operation in as early as 2010. 
For this accelerator, a small inexpensive ion-source newly developed is scheduled for 
installation, and hence is expected to cut the total cost substantially compared to its 
predecessors without a loss of general potentials. Based on this new type of ion 
source, we have undertaken various basic investigations of atomic and molecular 
processes in the Bragg peak regions. 
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  iThemba Laboratory for Accelerator Based Sciences (LABS) is a multi-disciplinary research center, 
governed by the National Research Foundation (NRF). It provides accelerator and ancillary facilities that 
are used for research and training in nuclear and accelerator physics, biomedical, chemical and material 
sciences, radionuclide production and radiotherapy. Proton beams are accelerated to an energy of 66 Mev 
in K = 200MeV separated sector cyclotron (SSC) with a solid-pole injector cyclotron (K = 8) for use in the 
production of radionuclides and neutron therapy. 200 MeV proton beam is utilized for proton therapy. 
Radionuclides produced at iThemba LABS are used in research and industry, various 
radiopharmaceuticals are prepared for diagnostic imaging at nuclear medicine centers. The cyclotrons and 
beam lines are being upgraded in order to increase the intensity of the 66 MeV proton beam for 
radioisotope production. Improvements of the facilities for increasing the beam intensity  for radioisotope 
production include flat topping systems for the light-ion injector and cyclotrons, and an additional 
buncher. Flat-topping systems have been installed and preliminary tested; implementation of the safety 
interlock system to prevent damage to the machine is underway. 

Table 1 : Radionuclides that are regularly 
produced at iThemba LABS [1]. 

Radionuclide Target 
Material

Energy Window 
(MeV)

67Ga Zn
Ge

34.3  18.1 
60.7  38.7 

68Ge Ga 34.0   2.4 
34.0      0 

81Rb RbCl 62.6  57.7 
82Sr RbCl 61.5  39.4 

103Pd Ag 61.5  20.0 
123I NaI 62.6  47.6 

201Tl Tl 28.6  21.0 
22Na Mg 61.5  40.0 
139Ce Pr 61.5  25.5 

Figure 1 (on the right): Layout of the vertical 
beam line for the production of radionuclides 
showing: 1. the horizontal beam line 2. the 90° 
bending magnet 3. two quadrupole magnets 4. 
sweeper magnets 5. steerer magnet 6. vacuum 
chamber for diagnostic equipment with a Faraday 
cup, harp and capacitive probe for current 
measurement 7. shielding lift mechanism for 
target exchanges 8. 9. and 10. inner iron shield 
11. target 12. water tanks with a 4% ammonium 
pentaborate solution 13. iron shield 14. borated 
paraffin-wax shield 15. support structure.
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Figure 2: Layout of the planned beam lines for supplying two targets for radionuclide production 
simultaneously with beam. The main components are the electrostatic channel EC, the septum magnet
SPM, the bending magnet BM1and the existing switcher magnet SW. The bending magnet BM2 deflects 
the beam downward into the vertical beam line. Q, SM and D designate quadrupole magnets, steering 
magnets and diagnostic vacuum chambers, respectively.

New vertical beam line

The construction of the vertical beam line has 
been completed as seen in figure 1 and the beam
splitting [3] in the existing horizontal beam line 
is underway to irradiate more than one target at a 
time, as shown in figure 2.  The vertical beam
target station is being upgraded to utilize higher 
beam currents for the production of long-lived 
radionuclides [1]. 

Additional buncher 
The additional buncher in the transfer beam line 
between SPC1 and the main cyclotron will 
operate at 65.5 MHz, i.e. four times the cyclotron 
RF frequency and double the frequency of the 
existing buncher [2]. The power dissipation in 
the 891 mm long quarter-wave resonator is 190 
W. The operating voltage of the existing buncher 
has to be increased from 62 kV to 69 kV. This 
has been experimentally verified as possible. 

FLAT-TOPPING for the separated sector 
cyclotron
The fixed-frequency flat-topping system [4] of 
the separated-sector cyclotron (SSC) operates at 
49.12 MHz, i.e. at the third harmonic of the main
RF frequency at which the 66 MeV proton beam
for radioisotope production and neutron therapy 
is produced. The single horizontal half-wave 
resonator has zero dee voltage at injection and 

extraction and a maximum value in between. The 
main reason for this design is that the resonator 
can be installed through one of the existing ports 
in a valley vacuum chamber without any 
modifications to the chamber, which would have 
been costly and would have resulted in a long 
down time of the cyclotron. An additional 
advantage is that the orbit separations at injection 
and extraction remain unchanged. 
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     In today's society acts of terrorism must involve in some stages the illicit trafficking either of 
explosives, chemical agents and/or nuclear materials. Therefore society must rely on an anti-
trafficking infrastructure which encompasses responsible authorities, field personnel and adequate 
instrumental networks. Modern inspection systems for personnel, parcel, vehicle and cargo, as non-
invasive imaging techniques, are based on the use of nuclear analytical methods. The inspection 
systems make use of penetrating radiation (neutrons, gamma and x-rays) in a scanning geometry, with 
the detection of radiation either transmitted or produced in the interrogated object. Explosives and 
chemical agent detection systems are based on the fact that the problem of identification can be 
reduced to the measurement of elemental concentrations. Different nuclear analytical techniques could 
be used for this purpose; however the use of neutrons has some specific advantages due to the high 
penetrability in large payloads. Of special interest is the design and use of a transportable neutron 
system coupled to a gamma-ray radiographic device for inspecting large containers searching for 
contraband, explosives, weapons etc. The use of neutron induced reactions for non-destructive bulk 
elemental analysis is well documented. All neutrons, in particular fast neutrons, are well suited to 
explore large volume samples because of their high penetration in bulk material.
Fast neutrons can be produced efficiently and economically by natural radioactive sources, small 
accelerators or compact electronic neutron generators, making possible the use of neutron based 
techniques in field applications. Gamma-rays produced by irradiating  the sample with neutrons gives 
the elemental composition of the material,  moreover, knowing the nuclear cross-sections and 
estimating the absorption factors in the different materials, it is possible to perform a quantitative 
analysis of elements in the sample even in depth; this is the most suitable technique for detecting 
hidden explosives or other illicit items.  Furthermore with the use of "tagged" neutrons it is possible to 
determine the local distribution of elements inside the sample volume, or to inspect a precise element 
of volume (voxel) that has been identified as suspect. Secondary neutrons produced by the irradiation 
of the sample can be used, by means of multiplicity measurements or spectral analysis, to identify the 
presence of fissile materials in the inspected volume. 
       During the last few years we have developed a prototype of Tagged Neutron Inspection System 
(TNIS) using tagged fan beams of 14 MeV neutrons, produced by  the d+t reaction. The results 
obtained with such system can be summarized in the following points: 

1) The use of  tagged neutron beams improves the signal to noise ratio by electronically selecting 
the gamma-rays from the voxel defined by the tagging detector and by the neutron time of 
flight.

2) The size of the inspected voxel strongly depends on the segmentation of the tagging detector 
and on the overall time resolution of the alpha-gamma coincidences. Fast gamma-ray detector 
and fast and highly segmented alpha particle detection systems  are needed  if small objects 
have to be interrogated.  

3) The use of fan beams allows the simultaneous measurement of gamma-rays emitted in the 
neighbouring voxels thus allowing the online subtraction of the background from the suspect 
item. 
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The alpha particle detector selected for this application has been tested in our inspection system now 
in operation at the Neutron Generator Laboratory of the Ruder Boskovic Institute (IRB) in Zagreb, 
Croatia.The experimental system now in operation at the IRB consist of a section of a conventional 
40’ container irradiated by a fan beam of neutrons produced by a VdG 300 kV accelerator. The setup 
is shown in Fig. 1.  

Fig.1

The neutron tagging detector is made of a 40 mm diameter, 0.5 mm thick YAP:Ce scintillator placed 
inside the reaction chamber at approximately 5.5 cm from the target, 90o degree with respect to the 
beam direction and at an azimuthal angle of 45o degree. The YAP:Ce exhibits several  characteristics 
that are very well suited for this task: excellent mechanical and chemical properties, radiation 
hardness, fast response and high light output . Several tests have been performed on the position 
sensitivity of the YAP detector read-out by a segmented photomultiplier tube. Irradiation of the YAP 
with alpha particles from a laboratory Am source and the response of the system after the imaging 
algorithm has been applied are shown in fig.2 and 3 respectively. 

                       

                      Fig. 2                                                                              Fig. 3 
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Plasma accelerator for detection of hidden objects by using Nanosecond Impulse 
Neutron Inspection System (NINIS) 
 
Gribkov VA1, Dubrovsky AV2, Karpiński L1, Miklaszewski R1, Scholz M1, Strzyżewski P1 

 
1Institute of Plasma Physics and Laser Microfusion, Warsaw, Poland gribkovv@yahoo.com 
2Institute for Theoretical and Experimental Physics, Moscow, Russia adubrov@mail.ru 
 
Two important issues encountered in the non-intrusive inspection of buried materials by neutron methods 
with using isotopes or generators based on direct acceleration are low signal-to-background ratio and long 
duration of measurements at a detection procedure. Attempts to implement Nanosecond Neutron Analysis 
(NNA) method [1] and Fast Neutron Scattering Analysis (FNSA) technique [2] noticeably improve the 
first problem. However they leave the second one practically unresolved. The reason for it is too low 
brightness of both neutron sources used. In the case of NNA it was still a classical accelerator generating 
neutron pulses in the microsecond range, whereas in the case of FNSA the Van de Graaff accelerator 
generating nanosecond neutron pulses of very low neutron yield was applied. We propose to bring into 
play a neutron source based on a plasma accelerator, which generates very powerful pulses of neutrons in 
the nanosecond (ns) range of its duration [3].          
 

New generation of powerful neutron sources of the Dense Plasma Focus (DPF) type can generate 
neutron pulses not only short by its duration (in the nano-second range), but provides a very high neutron 
yield in these pulses. Our device PF-6, recently put into operation at the Institute of Plasma Physics and 
Laser Microfusion, Warsaw, Poland, has energy in its capacitor storage 7.4 kJ. Its release into DPF 
chamber of a special design is characterized by a current maximum on the order of 800 kA with a quarter 
period of the discharge equal to 1 microsecond. It may generate in one pulse of 10-ns duration up to circa 
109 D-D neutrons or 1011 DT neutrons. Moreover being ecologically acceptable source (it becomes a 
neutron source “on demand” for a few nanoseconds and doesn’t require special storage) this modern DPF 
because of recent improvements in high power technology is characterized by the following features: 

- it operate with sealed chambers, filled with a working gas (deuterium or DT mixture) 
from a special self-contained actuator (so it can be treated as “closed radiation sources”), 

- switching time and jitter of its all electrical elements are on the order of a few ns, 
- life-time of the device are on the order of 107 “shots”, 
- because of the modern technology of the device assembling and due to up-to-date 

constituents its operation is perfect and reliable as in a real industrial product,   
- it has relatively low size and weight (circa 1 m3 and 400 kg), 
- its cost is comparatively low, 
- it may work with a high repetition rate – up to 10 pps and more [4]. 

It should be mentioned here that there is a portable modification of the DPF of this new generation [5] 
weighing only 15 kg. But its neutron yield is 3-4 orders of magnitude lower than that for the PF-6 being 
concentrated however within the pulse of the 2-ns time duration. 
 
   The described PF-6 device, which can produce very short and at the same time very bright pulses 
of neutrons, may be used in various neutron probing techniques, but in particular in Nanosecond Impulse 
Neutron Inspection System (NINIS) exploiting time-of-flight method. It is so because the flight base may 
be short (10-ns pulse of D-D neutrons is 20 cm long whereas the same length for 14-MeV neutrons pulse 
is about 50 cm). It is important because it means that in a distance of just a few meters and during only a 
single pulse we may separate (and consequently distinguish) several groups of neutrons (direct beam, 
elastically and inelastically scattered neutrons) as well as prompt γ-rays, which are exited both by inelastic 
neutron scattering and by the neutron capture in the interrogated material and which are appeared within 
the time intervals between the neutron pulses.  
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It should be marked that this technique is inapplicable in the case of the contemporary classical 
accelerators (neutron generators) because of their microsecond duration of their pulses. This feature imply 
the transit-time region of the order of several hundred meters. But for this very case the neutron yield of 
the generators is too small (besides of the evident inconvenience of long transit-time bases).  

 
Another very important advantage of NINIS based on high-brightness neutron generators is that 

we expect to execute all the measurements during just a single nanosecond pulse of the DPF. That 
increases signal-to-noise ratio even in comparison with the NNA technique as well as with the FNSA 
method almost in a proportion of the necessary statistics of those two methods, which are collected by a 
high number of nanosecond pulses (or time gates). At the same time the duration of the detection 
procedure will be limited in our methods mainly by the time of the data handling. 

 
The last but not the least benefit of the DPF use for inspection of hidden objects results from its 

possibility to generate a nanosecond pulse of hard X-rays (of  ∼100-keV photon energy) in the same 
moment as its neutron pulse irradiation. In certain schemes it gives an opportunity to visualize high- 
density or high-effective charge objects within an interrogated compartment.   
 

Between methods, which will be tested with this device, are such as: 
- FNSA as in the case of [2] (in fact there is a complex of methods here including elastic 

and inelastic scattering) 
- Pulsed neutron-gamma method based on registration of gamma-photons radiated as a 

result of inelastic scattering or capture of fast neutrons in various materials (e.g. H, C, N, 
O, Na for explosives and narcotics); under certain conditions these ns gamma-ray pulses 
may give information on localization of suspicious objects by time delay of the pulses;  

- Neutron Activation Analysis (NAA) based on the detection of hidden materials by a 
reaction (n, 2n) with a registration of 2 gamma-photons of 0.511-MeV energy (appeared 
due to positron annihilation). 

But on the contrary to the contemporary used techniques all these methods will be checked for their 
applicability for a single-shot (or at the most to several high repetition rate shots) method. 
 
 In our report we shall present all characteristics of the device as well as first results on its tests for 
the goals of NINIS method.     
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Using of Neutron Generator with APT/NNA for Detection of Explosives 
A.V. Kuznetsov, A.V. Evsenin, I.Yu. Gorshkov, O.I. Osetrov, D.N. Vakhtin  

V.G.Khlopin Radium Institute, Saint-Petersburg, Russia  

E-mail address of main author: apl@atom.nw.ru 

The main problem encountered in non-destructive analysis of materials by neutron methods is 
a very high counting rate in the secondary radiation detection channels, caused by interaction 
of probing neutrons with the materials of the neutron source, the inspected object, and the 
materials of the environment. The resulting very high level of background has until recently 
hindered the wide use of neutron-based methods for detection of small amounts of hazardous 
materials hidden among other objects in passenger luggage, cargo containers, etc.  

The Nanosecond Neutron Analysis (NNA) method with spatial selection of secondary 
gamma-radiation, proposed at V. G. Khlopin Radium Institute as a further development of the 
well-known Associated Particle Technique (APT), allows one to substantially (by two orders 
of magnitude) reduce the level of the background radiation, making possible creation of 
prototype devices for detection of small amounts of hazardous materials.  

The method is based on irradiation of the inspected volume with fast neutrons and detection 
of characteristic prompt gamma-rays from inelastic neutron scattering reactions. The 
background suppression is achieved by equipping a DT neutron generator with a built-in 
position-sensitive detector of alpha-particles, that accompany neutron emission, and detecting 
characteristic gamma-rays within a narrow time interval counted from the moment of 
detection of each alpha-particle. 
  
A prototype APT/NNA device (FIG. 1) is based on a DT neutron generator with built-in nine-
segment semiconductor detector of accompanying alpha-particles. Its technical characteristics 
are listed in Table I. 

FIG. 1. Prototype device based on neutron generator with built-in nine-segment associated particle 
detector. 
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TABLE I: TECHNICAL CHARACTERISTICS OF EXISTING PROTOTYPE APT/NNA DEVICE.

Detection method Nanosecond neutron analysis (NNA) with spatial
resolution (APT technology)

Decision-taking algorithm Automatic
Simultaneously inspected area 30 x 30 x 30 cm3

Spatial resolution 10 cm in-plane, 10 cm in-depth
Explosives detection limit 100 g in tens seconds
Total mass of the device Not more, than 20 kg
Dimensions 70 x 45 x 20 cm3

Radiation safety Safe when switched-off

The prototype is the basis for further development of the NNA method in order to create
devices for detection of explosive and other hazardous materials in luggage, sea cargo
containers, etc.

1
5

3

42
2

1

FIG. 2. “3D NNA Scanner” for Inspection of Sea Containers. 1 – “measurement modules” with
neutron generator and array of gamma-detectors. 2 – neutron detectors. 3 – volume inside the 40'-

high sea container screened by one “measurement module”. 4 – construction frame. 5 – remote
control and data analysis module

A concept of a device for detection of hazardous materials in sea cargo containers “3D NNA
Scanner” has been developed (see Fig. 2). Results of numerical modeling suggest that the
device will be capable of detecting 30 kg of explosives hidden anywhere inside a 40-feet
cargo container within a 12 minute-long inspection cycle.

[1] EVSENIN, A.V. et al., “Detection of hidden explosives by nanosecond neutron analysis
technique”. // H.Schubert, A.Kuznetsov (eds.), Proc. of the NATO ARW #979920 “Detection
of bulk explosives: advanced techniques against terrorism”, St.-Petersburg, Russia, 16 – 21
June 2003. Kluwer Academic Publishers, (2004) 89-103

[2] KUZNETSOV, A.V. et al., “Detection of buried explosives using portable neutron sources
with nanosecond timing”. Applied Radiation and Isotopes, Vol. 61, Issue 1, (2004) 51-57
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NON SCALING FIXED FIELD GRADIENT ACCELERATOR DESIGN 
FOR PROTON AND CARBON THERAPY

DEJAN TRBOJEVIC
Brookhaven National Laboratory 

Building 911, Lawrence Drive, Upton, New York 11973 
e-mail: dejan@bnl.gov 

The Fixed Field Alternating Gradient (FFAG) accelerators became again a subject of great 
interest [1] in many accelerator physics applications, after more than fifty years of their first 
appearance [2,3,4]. The original FFAG’s are the “scaling” design where particle orbits during 
acceleration scale with momentum. In Japan a number of scaling FFAG’s have been built, or 
are under construction. The original designs are proposed and used in many applications: 
proton acceleration in medical field for cancer therapy, electron acceleration for the low (food 
radiation, electron demonstration ring) and high energies (future e-RHIC 10 GeV),
acceleration of muons (the “PRISM”-project in Japan), proton acceleration for the AGS 
upgrade at Brookhaven National Laboratory, etc. There are many advantages of the scaling 
FFAG with respect to the today common use of synchrotrons, cyclotrons, or linear 
accelerators-linacs: the magnetic field is fixed, possibility of high repetition rate.
Disadvantages of the scaling FFAG are the large required aperture and large circumference. 
This is due to the scaling law between the orbit and momentum and the relatively large
opposite bending field requirement. This proposed non-scaling design had been extensively 
investigated in many respects. A European proposal to build a non-scaling FFAG electron
demonstration ring is in progress. Recent international CYCLOTRON conference had
dedicated time for the update on the FFAG acceleration.

The non-scaling FFAG’s should dramatically reduce required aperture and circumferences. If 
the fixed magnetic field produces the linear gradient, there is a tune variation during fast 
acceleration and resonances are a crossed. The small dispersion function and strong focusing 
in this design reduces the aperture size for almost an order of magnitude with respect to 
standard scaling FFAG design. We present one of the possible applications of the non-scaling 
proton and carbon cancer therapy FFAG accelerator. The cancer proton therapy exists today
in many medical facilities and more are being built. These centers treat mostly prostate or eye
cancers like in: Loma Linda University Hospital in California, Therapy Center at
Massachusetts General Hospital in Boston in U.S.A., Paul Schrerrer Institute in Villigen – 
Switzerland, the Heavy-Ion Research at GSI in Germany, the Shizouka , Kashiwa, Wakaza
Wan , the KEK in Tsukub and other medical centers in Japan, the Faure hospital in South 
Africa, Uppsala in Sweden and many other facilities are either being built or have very strong 
support and proposals.

Advantages of the non-scaling FFAG with respect to the synchrotrons are the fixed magnetic
field and possibilities of higher repetition rates for spot scanning. The cyclotrons are made of
very large magnets (weight is more than a ton) and could not easily change the final energy. 
The exact energy sweep is necessary due to the ion energy deposition inside of the patient’s 
body precisely localized by the “Bragg peak” at the tumor location. The non-scaling FFAG 
adjusts the final energy by adjusting the number of turns during acceleration. The very strong
focusing provides not only the smaller aperture but also a better orbit control than in
cyclotrons, thus leading to very low losses.
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Figure 1: Orbits during proton acceleration in the non-scaling FFAG. 

Many existing proton cancer therapy facilities accelerate ions either using the cyclotrons or
synchrotrons, but there are in Japan approved scaling FFAG facilities. We present here a non-
scaling FFAG accelerator for the proton and carbon cancer therapy. A historical perspective,
starting with the first edge effect focusing example is described, followed by our progress 
during the non-scaling FFAG approach. We describe a design principle with properties of the 
basic cell. This includes: the Courant-Snyder functions within the cells, the magnetic fields, 
gradients and magnet dimensions. Next, we describe the orbit and lattice functions variations 
during acceleration. Other possibilities in improving the design follow while the summary of 
this proposal with a comparison to the other designs is described in the conclusions.
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[2] T. Ohkawa, Proceedings of annual meeting of JPS (1953).
[3] K. R. Symon, Phys.Rev. 100, pp. 1247(1955); K. R. Symon, D. W. Kerst, L. W. Jones,

L. J. Laslett, and K. M. Terwilliger, "Fixed-Field Alternating-Gradient Particle
Accelerators", Phys. Rev. 103, pp. 1837-1859 (1956).

[4] A. Kolomensky et al., Zh.Eksp. Teor. Fiz. 33, pp. 298(1957).
[5] Lee C. Teng, "Linear Theory of Betatron Oscillations in Sectorial Synchrotrons", Rev. 

Sci. Ins. 17, (1956), pp. 1051-1058. 
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Compact Variable-Energy Neutron Generators for
Fast Neutron Applications

C. B. Franklyn, K. Govender
Radiation Utilisation Department, Nuclear Technology Group, Necsa
PO Box 582, Pretoria 0001, South Africa

E-mail address of main author: franklyn@necsa.co.za

The advent of compact low-energy accelerators capable of delivering intense beams of
charged particles has opened up the opportunity of generating fast neutron beams of
sufficient intensity for many previously inaccessible applications.

A continuing drawback in the intensity or quality of the neutron beam stems from the
nature of the beam-target interaction.  To generate mono-energetic neutrons the ideal
reaction is the d(d,n)3He reaction.  For a sufficiently dense target material the deuterium
should be a liquid or solid, but this is invariably impractical due to the associated
complex cryogenic requirements.  The only alternative is a gas target maintained at high
pressure.  The disadvantage of a gas target is the question of how to contain a high
pressure gas cell and introduce an energetic ion beam with minimal incident beam energy
degradation.

The concept of an advanced differential pumping system has already been demonstrated
[1], with spinning discs to isolate the gas cell during non-delivery of beam from a pulsed
accelerator.  Such a process is however, ineffective for higher duty cycles.   To overcome 
this, a novel system has been developed utilizing a plasma porthole in conjunction with a 
differential pumping system.  Such a system has been demonstrated to be highly effective 
in terms of installing a compact fast neutron generator for applications in the materials
research industry [2].

During recent years considerable effort has been directed towards the use of fast neutron
generators for contraband and explosives detection [3].  The methodology can also be
directed to other applications, more specifically in minerals prospecting and materials
characterization.  Here we discuss two specific applications that can have a direct impact 
on the South African economy:

1) Assaying of gold ore in rock:
The 279 keV gamma-ray emitted during the decay of 197mAu can be readily observed
through the irradiation of natural gold using neutrons of energy 1-6 MeV with optimum
activation between 2.5 and 5 MeV.  With a short half-life of only 7.8 s, one can obtain a 
good quantification of gold within a rock sample (with sensitivity better than 0.25 µg/g)
without the hazard of creating longer lived isotopes through, for example, thermal
neutron capture.  Silicon and aluminium, that naturally occur in gold-bearing rock, will
not be activated (through the 28Si(n,p)28Al, 30Si(n,α)27Mg and 27Al(n,p)27Mg reactions) if 
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the neutron energy is kept below 4 MeV.  Although the activation cross-section is only
1% of that for thermal neutron capture, with the advent of much higher power accelerator 
systems this drawback can now be easily overcome. Furthermore this method can be
applied to the platinum group minerals which are also a strong component of the South
African mining industry.

2) Contaminant analysis of wool bales:
In the textile industry the source material is invariably contaminated with a wide range of
foreign material.  Although X-rays are well suited to identify large foreign objects, they
are not appropriate for determining the quality of the wool (fat, suent content) or
detecting other smaller contaminants (such as paint, tar and vegetable matter) that are
difficult to remove in the normal cleaning process prior to carding, spinning and weaving.
The use of mono-energetic neutrons, in conjunction with gamma-rays, has proven [4] to
be a very promising method of minimizing the risk of undesirable contaminants entering
the processing stage of wool bales.  A conceptual design is presently being formulated to
implement a neutron/gamma-ray/X-ray scanning system in a wool processing factory
environment.  For such an environment it is important to implement compact variable-
energy accelerator systems capable of delivering mono-energetic neutron beams.

[1] J. Guzek, K. Richardson, C.B. Franklyn, A. Waites, W.R. McMurray, J.I.W. 

Watterson, U.A.S. Tapper.  Nuclear Instruments and Methods in Physics Research 

B152, (1999) 515-526

[2] A. de Beer, A. Hershcovitch, C. B. Franklyn, S. van Straaten, J. Guzek. Nuclear 

Instruments and Methods in Physics Research B170 (2000) 259-265.

[3] Testing Status and Views on Operational Viability of Pulsed Fast Neutron Analysis 

Technology. Report to U.S. Committee on Appropriations. GAO/GGD-99-54.  April 

1999.

[4] C.B. Franklyn, L. Hunter, P.E. Monale.  Proceedings of the 10th International Wool 

Textile Research Conference, Aachen, Germany, Nov. 2000, RW-P7 (CR-ROM).
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Use Of Plasma Window For Enhanced Ion Beam Transmission From 
Vacuum To Air

K. Govender, C.B. Franklyn
Radiation Utilisation Department, Nuclear Technology Group, Necsa, P.O. Box 582, Pretoria 
0001, South Africa

E-mail address of main author: kg@necsa.co.za

Vacuum-high pressure (>1 bar) interfaces have conventionally been implemented on
accelerator systems by means of a thin foil barrier through which the ion beam passes or by
spinning disc differential gas target technology [1]. Both these techniques are relatively
inefficient (energy loss and limited beam current in the foil system and the requirement for a
pulsed beam and low duty cycle in the spinning disc system). The idea of using a plasma arc 
discharge as a barrier has been developed [1, 2, 3] and promises to be a giant leap forward in 
gas target and vacuum-atmosphere separation technology.

Plasma arc discharges have the properties of high temperature and high viscosity, yet very
low density. These properties hinder the passage of gas through the plasma itself while at the 
same time easily allowing a high-energy charged particle beam to pass through. Thus one can
isolate the vacuum within an accelerator system from a high pressure gas target or the
atmosphere. Furthermore, the magnetic field generated by the arc discharge actually helps to 
focus this beam.

The basic design for the plasma porthole remains as it has been for many years and is also 
described in more detail in [2]. Three cathodes with tungsten tips are used with a series of
copper cooling plates and insulators separating the cathode from a larger anode plate (all
water-cooled). Due to the fact that an arc discharge must be triggered and sustained between
the electrodes, a large power supply is required capable of delivering 100A at up to 500V DC. 

It has already been demonstrated at Necsa that an argon plasma can hold off atmospheric
pressure from a vacuum of <10-7 Bar, while a 2 MeV proton beam passes through it from
vacuum into air. It has also been demonstrated that a vacuum-atmosphere interface with
helium or argon plasmas can be sustained whilst a 175 keV electron beam is transmitted
through the plasma [4]. Previous work performed using plasma windows as a vacuum-
pressure interface has demonstrated [3] that a deuterium gas target of 245 mBar can be held 
from a vacuum of <10-7 Bar using a large diameter (5mm) deuterium plasma window coupled 
to a differentially pumped vacuum system. 

An improved understanding of the processes involved in generating a plasma window has
resulted in further improvements in the pressure differential attainable for the deuterium gas
system. This has also resulted in improvements in the energy efficiency of plasma production
for the argon system.

Applications:
(i) Fast Neutron Production:
The d(d,n)3He nuclear reaction produces mono-energetic fast neutrons, which can be used for 
various applications. The plasma window technology, applied to an accelerator system with a 
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deuterium gas target, will enable a continuous beam of deuterium ions to be delivered into the 
target. Achieving our aim of a 3 Bar gas target, with a 5 mm beam diameter, would mean a 
giant leap forward in the field of gas target technology and would set new standards
internationally in the production of intense beams of mono-energetic neutrons.

(ii) PIXE experiments:
Amongst the many projects under way at Necsa, the 4MV Van de Graaff accelerator is used 
for PIXE (particle induced x-ray emission) experiments. Currently all samples need to be
placed within a vacuum chamber of limited size and shape. For larger samples, or samples not 
suited for a vacuum environment, we use a Be window to bring the beam into atmosphere
without compromising the accelerator vacuum. This method is unsatisfactory as we severely
degrade the energy dispersion of the beam. Using plasma window technology we would be
able to bring a purer beam into atmosphere and thus perform PIXE measurements on samples 
of any size, type or shape.

(iii) Irradiation with Electron Beams:
Previous work regarding the implementation of the plasma window on electron beam lines
has been developed mainly in the field of electron beam welding [4]. Irradiation of sewage
and organic materials by an electron beam for treatment of bacteria can also be achieved using 
this technology. The upgrade suggested, however, is that the plasma window be placed at the 
pivot point of a strongly focussed electron beam, which would thus irradiate a much larger
surface area in a much shorter time. In order to implement this, the plasma window would 
either have to be somewhat conical in shape or considerably shorter than the current design.

References
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