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One versatile MeV-ion beamline for multiple applications 

Udomrat Tippawan, Teerasak Kamwanna, Liangdeng Yu, Saweat Intarasiri,  
Nitipon Puttaraksa, Somrit Unai, Somsorn Singkarat  

 

A versatile ion beam line based on a 1.7-MV Tandetron tandem accelerator has been established 
at Chiang Mai University, Thailand in a compact manner for multiple-purpose ion beam applications 
including analysis, microbeam and implantation. The Tandetron accelerator employs two ion sources, 
a duoplasmatron ion source and a sputter ion source, capable of producing light ion species such as 
hydrogen and helium for normal ion beam analysis and lithography and heavy species such as carbon 
and oxygen for ion implantation and heavy-ion beam analysis. The ion beam analysis techniques 
currently available include Rutherford Backscattering Spectrometry (RBS), RBS/channeling, Elastic 
Backscattering (EBS), Particle Induced X-ray Emission (PIXE) and Ionoluminescence (IL) with 
assistance of commercial and in-house-developed softwares. Microbeams for MeV-ion beam 
lithography are developed utilizing inexpensive programmable aperture and capillary focusing 
techniques. Ion beam analysis experiments and applications have been vigorously performed, 
especially for novel materials analysis focused on archeological, gemological, biological and forensic 
materials besides other conventional materials. Ion beam lithography is applied for fabrication of 
microfluidic chips. Heavy ion implantation of local gemstones and semiconductor materials is 
operated for enhancement of the gem quality and induction of nanostructure. The success in the beam 
line development and applications demonstrates complex technology establishment possible in a 
developing country with our limited resources. 

Една универсална MeV-ова йоннолъчева линия за множество приложения (У. Типауан, 
Т. Камуана, Л. Ю, С. Интарасири, Н. Питаракса, С. Уней, С. Сингкарат). Една 
многофункционалнна йонен лъчева линия, базирана на 1.7-MV Tandetron тандем ускорител, е 
установена в университета в Chiang Mai, Тайланд, по компактен начин за множество 
приложения на йонния лъч, включително анализ, микролъч и имплантиране. Ускорителят 
Tandetron работи с два източници на йони, двоен плазматрон и такъв с йонно разпрашване, 
способни да произвеждат леки йони като водород и хелий, за нормален йоннолъчев анализ и 
литография и тежки йони като въглерод и кислород за йонно имплантиране и тежък 
йоннолъчев анализ. Наличните техники за йоннолъчев анализ в момента включват 
спектрометрия чрез Ръдърфордово отразено разсейване (RBS), RBS / ченълинг, еластично 
отразено разсейване (EBS), индуцирано от частици рентгеново излъчване (PIXE) и 
лонолуминисценция (IL), с помощта на търговски софтуери и софтуери собствена 
разработка . Микролъчи за MeV-ова йоннолъчева литография са разработени чрез използване 
на евтини програмируеми бленди и техники за капилярни фокусиране.Извършени са  
експерименти за  йонно лъчеви анализи и приложения,  особено за анализ на нови материали, 
фокусирани върху археологически, гемоложки, биологични и криминалистични материали, 
освен другите конвенционални материали. Йонната литография се прилага за производство 
на микрофлуидни чипове. Тежко йонно имплантиране на местни скъпоценни камъни и 
полупроводникови материали се прилага за повишаване на качеството на скъпоценни камъни и 
предизвикването на наноструктури. Успехът в развитието на йоннолъчева линия и нейните 
приложения демонстрира, че установяването на  сложна технология е възможно в една 
развиваща се страна с нашите ограничени ресурси. 

 

Introduction 
The laboratory of Plasma and Beam Physics 

Research Facility (PBP), formerly Fast Neutron 

Research Facility (FNRF), was established four 
decades ago at Chiang Mai University (CMU), 
Thailand [1]. The laboratory originated from a 150 - 
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kV nanosecond-pulsed fast neutron generator for 
neutron scattering analysis [2] and later on it has been 
developed into a comprehensive ion beam and plasma 
technology research unit equipped with a series of ion 
accelerators/implanters and plasma facilities. Its main 
mission is to promote the research projects related to 
accelerator technology applications for fulfilling 
homeland needs of having more qualified young 
physicists and useful technological spin-offs. On the 
basis of previous work on neutron analysis, detector 
techniques, ion beam and plasma modification of 
materials, and LINAC - based electron beam with 
intensive x-ray generation, the laboratory has recently 
developed, with our limited resources, an accelerator-
based versatile compact ion beam line for multi-
purpose applications including ion beam analysis, ion 
beam lithography and ion implantation. Such an 
advanced technology development was aimed at 
promoting Thai local research in the field of nuclear 
and accelerator technologies to catching up with the 
world-level research pace. 

Facility 
As shown in Figure 1, the entire accelerator and 

beam line (donated by the Chalmers University of 
Technology in Gothenburg, Sweden) consist of an ion 
source terminal which includes two ion sources, a 
duoplasmatron ion source (Peabody Scientific) and a 
Cs sputter ion source (Peabody Scientific), a 
switching magnet with two entrances and one exit, a 
low-energy ion implantation chamber, the accelerator 
including the high-voltage supply, the post-
acceleration beam transportation line including a 30° 
mass analyzing magnet and quadrupole lenses, and an 
ion-beam analysis and lithography chamber. The 
duoplasmatron ion source allows the extraction of 
alpha particles and protons and the negative ion 
sputter source capable of producing heavy species. 
The ions extracted from the ion source by 30 kV can 
be applied for ion implantation at the small target 
chamber right after the switching magnet. The tandem 
accelerator has a terminal voltage up to 1.7 MV. At 
the terminal electrode, a nitrogen gas stripper converts 
negative ions to positive ones and allows a second 
acceleration of the ions with the same voltage. The 
accelerated ions are transported in the beam line 
through focusing lenses and the mass analyzing 
magnet to enter the main target chamber. 

The end-station chamber, which has been greatly 
upgraded by ourselves from the original design when 
it was used in Sweden, contains a sample stage on a 2-
D translatable and 3-D rotatable goniometer, and 
detectors such as SSB (silicon surface barrier) 

detector, Si(Li) detector and optical fibers for 
Rutherford Backscattering Spectrometry (RBS), 
Elastic non-Rutherford Backscattering (EBS), Particle 
Induced X-ray Emission (PIXE) and 
Ionoluminescence (IL) analyses, respectively. Figure 
2 shows the arrangement of the detecting and 
associated devices. The incident beam intensity ranges 
between 0.1 and 200 nA, depending on the energy and 
type of ions and can be controlled by several 
parameters such as stripper gas pressure, quadrupole 
triplet and collimators. The beam spot size is about 2 
mm in diameter when focused by the quadrupole 
triplet lens and 1 mm when controlled by beam 
entrance apertures. The sample holder is electrically 
isolated from the chamber and acts as a Faraday cup. 
Two permanent magnets are placed in parallel in front 
of the sample holder as a secondary electrons 
suppressor, in order to have an accurate measurement 
of the charge. For RBS analysis, backscattered ions 
from samples are detected by the SSB detector which 
can be adjusted up to 170° with respect to the beam 
direction. The detector has 25 mm2 active area, 100 
µm thick silicon crystal and an energy resolution of 12 
keV at FWHM (full width at half maximum). The 
SSB detector was calibrated with RBS measurement 
of a standard sample of thin layer of Cu, Ag and Au 
sequentially deposited on Si substrate. The 
spectrometer was calibrated using a HG-1 mercury 
argon calibration source [3]. For PIXE measurements, 
the sample is irradiated with 2-MeV proton beam with 
a current of 5 - 10 nA. Characteristic X-rays are 
induced and detected by a Si (Li) detector kept at an 
angle of 120o relative to the beam direction. A mylar 
foil (74 µm thickness with 0.38% relative hole area) is 
placed in front of the Si (Li) detector in order to 
reduce the counting rate caused by impurities with 
low atomic numbers. The active area of the detector is 
30 mm2. The Si (Li) detector calibration was 
performed using the X-rays of a 109Cd radioactive 
source. The energy resolution of the detection system 
is estimated from the FWHM of the Fe Kα peak at 6.4 
keV to be 180 ± 10 eV. An electronic scheme, 
consisting of preamplifier, amplifier and multichannel 
analyser (MCA), is used to acquisit spectra, which are 
transferred to a PC. Finally, from the amount of 
characteristic X-rays, the concentration of each 
element is determined by using version 2.0 of the 
Guelph PIXE software package GUPIXWIN. For 
PIXE measurements on insulating samples, an 
electron shower placed closely in front of the sample 
is used to neutralize the charge build-up on the 
sample. In the PIXE measurement calibration, SRMs 
(standard   reference   materials)   SRM   610   Trace  
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Fig. 1. Schematic diagram of the beam line of the 1.7-MV Tandetron accelerator for ion beam analysis at PBP, 

CMU. The beam line length is about 10 m. 

 
Fig. 2. The analysis chamber at the target terminal of the 1.7-MV Tandetron accelerator bema line. Left: schematic 

of top view. Right: photograph of the inside. 

 
Fig. 3. Programmable L-shape micro-aperture system which is entirely installed inside the IBA chamber of the IBA 

beam line. (a) Schematic of the in-situ beam fluence monitoring system. (b) A photograph of the aperture positioning 
system with a close-up view at the right. 
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Elements  in  Glass  Matrix [4] were  analyzed  as a 
quality control. Table 1 shows the certified and 
experimental values of the elemental composition, 
obtained by using 2 MeV protons and Mylar “funny 
filter” [5] in front of the Si (Li) detector for the most 
necessary elements in one run. The measurement 
demonstrates the accuracy of the experimental setup 
to be within ±10%. For IL measurements, an 
additional 1000 µm core HOH-UV (high OH, or 
hydroxyl, content for ultraviolet) optical fiber situated  
at 150° relative to the beam direction is used to allow 
simultaneous measurements with PIXE. 

Table 1 
Comparison of the certified and experimental values of 

support matrix (%) and trace elements (ppm) of SRM 610 

Major 
matrix 

Certified 
value 

Exp. 
Value 

Traces Certified 
value 

Exp. 
Value 

SiO2 72 73.08 Fe 458±9 416.7 

CaO 12 11.58 Mn 485±10 456.2 

Na2O 14 13.14 Ni 458.7±4 437.7 

Al 2O3 2 2.20 Sr 515.5±0.5 506.8 

   Th 457.2±1.2 493.8 

   Pb 426±1 455.5 

   Rb 425.7±0.8 391.6 

   U 461.5±1.1 507.1 

 

For micro-beam lithography, systems of a 
programmable L-shape micro-aperture [6] and a 
tapered glass micro-capillary [7] have been developed 
and installed in the chamber, as shown in Figs. 3 and 
4. Traditionally development of micro-beam 
technology replies on quadrupole triplet focusing lens 
system. However, this sort of focusing system is 
generally expensive and requires high stability of a 
power supply system. Due to our limited resources 
and locally practical power supply quality, we have to 
choose the inexpensive and simpler micro-aperture 
and micro-capillary systems as alternatives. The 
aperture system is capable of varying the aperture size 
down to 1 µm in minimum by full computer controls 
of beam fluence monitoring and pattern writing. The 
capillary system is equipped with an in-house-made 
glass capillary with a µm-exit. Cooperating with X-Y 
translations of the sample stage, both systems allow 
micro-beam scanning and thus lithography possible. 

 
Fig. 4. Tapered glass micro-capillary beam focusing 

system system which is entirely installed inside the IBA 
chamber of the IBA beam line. (a) Schematic diagram of 
the system. (b) A photograph of the system. (c) and (d) 
Close-ups of the capillary holder. 

 
Pre-amplifier and amplifier from Canberra and 

Tennelec are used to amplify the signals from the 
detectors. After the amplification the signal is 
delivered through a coaxial cable to a multi-channel 
analyzer (MCA, made by Ortec), where spectra are 
acquired with the MAESTRO code. For RBS and 
EBS measurements, the obtained backscattering 
spectra are analyzed with SIMNRA code [9]. The 
GUPIXWIN software is used to fit and simulate PIXE 
spectra [10]. For IL measurements, the optical fiber 
leads the emitted light to an Ocean Optic S2000 
Spectrometer. The spectrometer is colligated to a 
computer where spectra are acquired with the 
OOIBase32 Ocean Optics software [11]. Some house-
developed programs are also applied to assist in the 
data analysis such as extracting implanted ions depth 
profiles in complicated conditions. 

Applications 

Ion beam analysis 

Ion beam analysis has been the main task of the 
beam line. Various samples of materials, from 
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conventional to novel, have been analyzed using the 
various analysis techniques. Besides conventional 
analysis techniques, advanced techniques are also 
being developed. Here are examples. 

- Conventional materials 
Traditional RBS technique was used for 

investigation of the thickness and composition of F-
doped SnO2 thin films [12] and amorphous ITO 
(indium-tin oxide) films [13]. Special RBS analysis 
was applied to determine concentration distributions 
of implanted lighter carbon ions in heavier silicon 
wafers with assistance of in-house-developed 
programs [14], as shown in Fig. 5, based on analyzing 
the deficient part of the RBS spectrum.  

 

 
Fig. 5. Special RBS analysis of the concentration 

distribution of lighter carbon ions implanted in heavier 
silicon wafer for study of ion beam synthesis of silicon 

carbide crystal. (a) RBS spectra from a Si wafer sample 
implanted by C ions at 40-keV energy to a fluence of 6.5 × 

1017 ions/cm2, measured by 2.13 - MeV He++  beam. (b) 
Carbon concentration distribution as a function of depth in 
as-implanted Si, extracted from the RBS spectrum shown in 
(a) by the self-developed program. The inset is a PROFILE-

code calculated C-ion depth profile in Si. 

 
Fig. 6. 2.2 - MeV proton beam analyzed EBS spectra of Pt-
C nanofilms on Si with different ratios of Pt/C, deposited 

using the dual vacuum cathodic arc technique. 

RBS/channelling was employed to analyze the 
crystalline quality of β-SiC formed by ion beam 
synthesis [15]. EBS, as a particularly powerful method 
of analyzing lighter elements in heavier matrix, was 
applied to analyze compositions of Pt-C nanofilms on 
Si deposited by the dual cathodic vacuum arc 
deposition (CVAD) technique. Carbon was clearly 
identified and quantified by EBS, as shown in Fig. 6. 

 

 

 
Fig. 7. Example of PIXE analysis of ion-beam-induced rice 
mutant seeds. (a) Photograph of the local purple rice seeds 
of both control and various mutants on the sample holder. 
(b) A PIXE spectrum showing the mineral contents. The 

inset is a comparison in the analyzed Ca contents for 
various rice mutants and the control (the left one). 
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- Biological materials 
Ion beam biotechnology has been emphatically 

developed in the laboratory. Various mutations of 
local rice have been achieved to improve the rice 
qualities [16]. One of the qualities was nutrient 
minerals contents in the rice grains. PIXE was applied 
to analyze the mineral elements of the rice mutant 
seeds. For the analysis, dry rice seeds were placed in 
the sample holder in the vacuum chamber and PIXE 
spectra from various seeds including M - 3 generation 
mutants and control provided clearly a quantitative 
mineral contents comparison, as shown in Figure 7, 
for researchers to screen the optimal ion-beam-
mutation conditions. 

- Gemmological materials 
Ion beam has been recently explored to apply in 

modification and analysis of gemstones in the 
laboratory. PIXE sensitively detected trace elements 
for species and concentration and thus told differences 
among gemstones from different locations in the 
world or between natural and synthetic gems or 
among different types of the stones. Figure 8a shows 
PIXE spectra from the local gemstones and difference 
in the impurity elements between natural sapphire and 
ruby and Figure 8b demonstrates an application of 
PIXE analysis to distinguish different gemstone 
origins. 

- Archaeological materials 
Various local archaeological articles were analyzed 

using PIXE. Ancient decorative and craft glasses of 
ATG (Ancient Thai Glass), Lanna - period glass and 
ancient glass beads, Thai amulets and ancient rice 
were analyzed [17 - 22] to reveal the material 
compositions and understand their fabrication 
processes. PIXE was also applied for ancient material 
age analysis. In the analysis, local ancient burnt clay 
from antiques and broken brick and tile pieces from 
ancient buildings were first grounded into powder and 
then pressed to disks as samples. Figure 9 shows an 
example of the analysis. The formula for half-life 
exponential decay is N(t) = N0exp(-t/τ), where N0 is 
the original quantity of the substance, N(t) is the 
quantity at time or age t, and τ is the mean lifetime, 
which is related to the half-life t½ by t½ = τ ln2. From 
many elements detected, Ac was the most appropriate 
and useable element of the decaying object and hence 
selected for the calculation. From the tabulated data, 
t½ of Ac is known about 22 y and so τAc ≈ 31 y. The 
age of one material was given by the customer and 
thus it was used as the reference for other material 
ages calculation from the concentrations of the known 
and unknown ages materials measured from PIXE 
spectra. Our calculated ages of the ancient materials 

were in good agreement with the customer’s estimates 
from their archaeological investigation. 

 

 
Fig. 8. Examples of PIXE analysis of gemstones. (a) PIXE 
spectra applied for trace element analysis of local natural 
sapphire (up) and ruby (low). The insets are the gemstone 

samples analyzed. Sample size: about several mm in 
diameter. (b) Relation between the ratios of Cr/Ga and 

Fe/Ti concentrations analyzed by PIXE for various origins 
of gemstones. 

- Forensic materials 
PIXE was applied to analyze forensic materials. 

For example, as shown in Fig. 10, the PIXE spectrum 
from a tape sample taken from a suspect hand 
revealed gun explosive powder residues such as 
various metal elements. The result could expose the 
criminal. 

- Nanomaterials 
IL was used for characterization of the formation 

of high quality single-crystalline ZnO nanobelts which 
were synthesized in house from the peak at 389 nm 
which was due to the exciton-exicton emission (P 
line) [23], as shown in Fig. 11. 
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Fig. 9. Example of PIXE analysis of ancient material ages. 
Ac content against stable K (left) and Ti (right) measured 
from the PIXE spectrum of the ancient burnt clay samples 

for the age estimation. 

 
Fig. 10. PIXE spectrum revealing gun-shot residues on the 

hand of a suspect. 

- MeV heavy-ion PIXE 
Compared with proton PIXE, heavy ion PIXE has 

advantages such as larger scattering cross section and 
larger stopping cross section [24] and so higher 
sensitivity. The technique has been applied to analyze 
not only solid metals [25] but also biological soft 
materials [26]. In catching up with the new 
international development, we have started a study on 

measurement of MeV carbon - ion PIXE cross 
sections for comparison with the cross section of 
proton PIXE. 

 
Fig. 11. IL spectrum to characterize the formation of high 
quality single-crystalline ZnO nanobelts deposited on Cu 

substrate. The peak at 389 nm is due to the exciton-exciton 
emission and the evidence of high quality of ZnO nanobelts. 

 

 
Fig. 12. Comparison in PIXE spectra between using 1 - 
MeV carbon ion beam and proton beam in Fe and Cu, 

respectively. 
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Fig. 12 shows an example of a comparison in the 
PIXE spectra between C-ion PIXE and proton PIXE. 
The spectra were measured for the ion beams at the 
same energy, 1 MeV, in the same datum acquisition 
time duration, 1.000 seconds. It is well known that for 
proton PIXE the ion beam energy should be at least 2 
MeV. Therefore, at 1 MeV the proton PIXE spectra 
could hardly be acquired. In contrast with this, 1 - 
MeV C-ion PIXE spectra could be easily obtained. 
The huge difference in the yields demonstrates the 
cross section of heavy C-ion PIXE significantly higher 
than that of the light proton PIXE by orders. 

Lithography 

Both programmed L - shaped aperture and tapered 
glass capillary systems were applied to proton 
microbeam lithography. The materials irradiated 
included either positive tone or negative tone poly 
(methyl methacrylate) (PMMA), poly 
(dimethylsiloxane) (PDMS) and amorphous silica 
(SiO2). Exposure characteristics of the materials to the 
microbeam were studied for fluence conditions 
satisfying production of good quality microstructures. 
Experimental results showed that the aperture edge 
scattering did not significantly affect the pattern edge 
sharpness [27] so that the pattern quality could be 
guaranteed. PMMA transformation was observed such 
that at the threshold fluence of 3.5 × 1014 ions/cm2 for 
2 - MeV proton beam the polymer transformed from a 
positive to a negative resist [28].  Applications were 
focused on fabrication of microfluidic device patterns, 
as shown in Figs. 13 and 14.  

Ion implantation 

Ion implantation could be carried out in two 
chambers with different ion energy conditions in the 
beam line. For ion implantation using the main 
chamber at the end station the ion energy could be an 
order higher than that using the smaller chamber just 
after the switching magnet. Multi-energy C-ion 
implantation in Si single crystals was carried out using 
the main chamber for achieving a broad carbon profile 
buried beneath the Si surface to synthesize a silicon 
carbide layer in Si wafer. C-ions at energy of 300, 
400, 500 and 600 keV were implanted in <100> Si 
wafers in either an energy - increasing or an energy 
decreasing sequence, respectively to investigate the 
effect from the implanting sequence on the buried 
carbon profile width. The implanted C-ion profiles 
were analyzed using RBS and showed that multi - 
energy C-ion implantation using the energy - 
decreasing sequence produced a broader C-ion depth 
profile than using the energy increasing sequence, as 

shown in Fig. 15. With using the small target chamber 
immediately after the switching magnet, low - energy 
implantation of unconventional ion species which 
were produced from the sputter source was operated, 
such as oxygen and metal ion implantation in 
gemstone samples developed as a novel gemstone 
treatment method to compete with and replace 
traditional heat treatment to improve the material 
gemological quality and hence the market values. 

 
Fig. 13. SEM images of the programmed L-shaped aperture 

fabricated lithographic patterns. (a) A cell-organelle 
sorting device. (b) A close-up of ~ 1.6 µm channel width in 

(a). (c) 20 µm wide grooves. (d) 40 µm square arrays. 

 
Fig. 14. Demonstration of microcapillary in proton 

microbeam lithography. (a) A photo of the tapered glass 
microcapillary used. (b) An original pattern designed by 

freehand writing via home-developed drawing software. (c) 
An optical microscope image of the developed pattern 

which was transferred from (b) onto PMMA film by proton 
beam writing through the capillary in (a). 

Conclusions 
The ion beam analysis center uniquely in the 

ASEAN region has been established based on a 1.7 
MV Tandetrom tandem accelerator at Chiang Mai 
University, Thailand. The IBA center has developed 
and applied useful ion beam analysis techniques such 
as RBS, RBS/channeling, EBS, PIXE, IL, and 
microbeam mapping for applications in various fields. 
Novel material analyses have been carried out for 
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characterizations of ion – beam – induced local rice 
mutants, gemstones, archaeological articles and 
ancient materials, nanomaterials and forensic 
materials. Practices of the ion beam analysis 
techniques have demonstrated the professional 
applicability of the IBA center to serve regional and 
national scientific researches.  
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