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P-C1 
Structural transformations in delta-phase Sc2O3:ZrO2 compounds induced by light ion irradiation 
Jian Zhang, Los Alamos National Laboratory, US 
Yongqiang Wang, Los Alamos National Laboratory, US 
Ming Tang, Los Alamos national laboratory, US 
James Valdez, Los Alamos National Laboratory, US 
Kurt Sickafus, Los Alamos National Laboratory, US 
 
keywords: delta phase oxides; light ion irradiation; order to disorder transformation 
 
Increasing efforts have been devoted in recent years to identifying radiation resistant ceramics that can endure hostile 
environments such as those present in nuclear reactors or during waste immobilization. In this report, we present 
radiation damage results on δ-phase, Sc2O3:ZrO2 compounds, following irradiation with 200 keV Ne

+
 ions at cryogenic 

temperature. We compare and contrast results for δ-Sc4Zr3O12, the ideal δ-phase stoichiometry, with similar but Zr-
rich compounds (Sc6Zr7O23 and Sc2Zr4O11). Light ions were used to produce relatively dilute displacement cascades and 
also to achieve relatively large irradiation damage volumes (the latter to assist post-irradiation characterization). 
Irradiation-induced structural transformations were characterized using grazing incidence X-ray diffraction (GIXRD) 
and cross-sectional transmission electron microscopy (TEM). 
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P-C2 
Effects of composition on the behaviour of pyrochlores irradiated with swift heavy ions 
Sandra Moll, CNRS - Orsay, FR 
Gaël Sattonnay, University of Orsay, FR 
Lionel Thomé, CNRS - Orsay, FR 
Corinne Legros, University of Orsay, FR 
Claudia Decorse-Pascanut, University of Orsay, FR 
Isabelle Monnet, GANIL-CIMAP-CIRIL, FR 
 
keywords: pyrochlore; irradiation; swift heavy ion; phase transition 
 
Thanks to their remarkable properties, in particular their ability to incorporate Pu and minor actinides, pyrochlores are 
foreseen to be used in the two main strategies developed for the management of radiotoxic elements, i.e. as nuclear 
waste forms for geological long storage and as host phases for actinide transmutation. To comprehend their 
behaviour in aggressive radiation environments, investigations of the radiation-induced microstructural modifications 
were performed, using more particularly polycrystalline pyrochlores with the stoichiometry Gd2(Ti1-xZrx)2O7 where x=0, 
0.5 and 1. The electronic slowing-down regime (Se) was investigated to reproduce the impact of fission fragments 
using different heavy ions of energies between 850 MeV and 1.5 GeV. 
XRD results showed that the electronic excitations induced by swift ion irradiation lead to: (i) a crystalline-amorphous 
transition for titanate pyrochlores Gd2Ti2O7 and Gd2TiZrO7, (ii) a phase transition towards a defect fluorite structure for 
Gd2Zr2O7. The conclusion is that zirconate pyrochlores present a better radiation resistance under swift heavy ion 
irradiation. Moreover the present experiments underline the existence of an electronic stopping power threshold 
under which the observed phase transformations do not occur. 
The lattice parameter of Gd2Ti2O7 and Gd2TiZrO7 was shown to increase with the ion fluence due to amorphisation, 
whereas that of Gd2Zr2O7 strongly decreases due to the formation of a fluorite phase. Here again, a Se threshold was 
found under which the lattice parameters remain almost constant. 
In parallel to lattice parameter changes, compressive stresses are generated in ion-irradiated Gd2Ti2O7 and Gd2TiZrO7, 
whereas tensile stresses are observed in Gd2Zr2O7 due to the lattice contraction. 
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P-C3 
First principles calculations of defect migration in UN nuclear fuels 
Sergey Rashkeev, Idaho National Laboratory, US 
Eugene Kotomin, University of Latvia, LV 
Yuri Mastrikov, University of Latvia, LV 
 
keywords: Nuclear Materials: Fission and Fusion; Carbides and Nitrides; Defect Production; Fundamentals and 
Modeling 
 
Uranium nitrides and carbides (in particular, UN) are of considerable interest as advanced nuclear fuels and targets for 
fast reactors and for transmutation of Pu and minor actinides.  In this presentation, we report the results from first-
principles VASP supercell calculations of UN focusing on radiation induced defects including the N and U vacancies 
giving the Schottky energy and the N and U interstitials giving the relevant Frenkel energy. Results of the standard 
generalized gradient approximation (GGA) approach are compared with GGA+U. Point defects were simulated using 
large supercells, up to 250 atoms, with a complete structure optimization. We discuss local and macroscopic changes 
in the lattice structure due to defect incorporation, the electronic density redistribution around point defects, as well 
as their formation and migration energies in the light of available experimental data. The collinear interstitialcy 
mechanism of N migration is predicted to be energetically more favorable than direct [001] hops. It is also found that 
U and N vacancies have close migration energies, and O impurities accelerate migration of N vacancies nearby. These 
values are both in qualitative agreement with the effect of oxygen on the reduction of the activation energy for 
thermal creep reported in the literature, as well as in quantitative agreement with the experimental data when taking 
into account the uncertainties. Also these results give necessary input for the fuel performance codes. 
 
[1] E.A. Kotomin, S. Rashkeev, Yu. Mastrikov, P. Van Uffelen, J. Nucl. Mat., submitted.  
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P-C4 
Study of the structural modifications induced by He implantation in zirconia 
Gihan Velisa, National Institute for Physics and Nuclear Engineering - "Horia Hulubei", RO 
Laetitia Vincent, CSNSM-Orsay, FR 
Aurelien Debelle, CSNSM-Orsay, FR 
Lionel Thomé, CSNSM-Orsay, FR 
Dan Pantelica, National Institute for Physics and Nuclear Engineering - "Horia Hulubei", RO 
Alain Declémy, Laboratoire de Métallurgie Physique UMR6630, CNRS-Université de Poitiers, FR 
 
keywords: Zirconia; He implantation; RBS/C; XRD; TEM 
 
Yttria-stabilized zirconia (YSZ) is considered as a potential inert matrix for actinide transmutation, owing to its high 
melting point, its reasonable thermal conductivity and its strong resistance against irradiation. A large quantity of He is 
produced in nuclear materials by fission and/or by the a-decay of actinides, and the behaviour of He can have a 
deleterious effect on the mechanical properties of the matrix. It is thus of prime importance to investigate the 
influence of He on the microstructure of inert matrices. The present paper deals with this topic since it reports a study 
of the defects induced in yttria-stabilized zirconia (YSZ) implanted with He ions and subsequently annealed. 
Complementary techniques - Rutherford backscattering and channeling spectrometry (RBS/C), transmission electron 
microscopy (TEM), X–ray diffraction (XRD) - were used to characterize the irradiation-induced damage. The depth 
distributions of accumulated damage were extracted from the analysis of RBS/C spectra with Monte-Carlo simulations 
performed by using the McChasy computer code. Results show that annealing at 800

0
C of crystals implanted at 

5x10
16

 cm
-2

 leads to a strong increase of the damage yield. The reason of this increase may be attributed to the 
formation of bubbles and fractures exhibited on TEM micrographs. XRD data show that the implanted layer exhibits a 
non-uniform depth strain profile along the ion implantation beam direction. This strain is positive and reaches a 
maximum level of ~1.6%. After annealing, the strain is almost relieved, and the relaxation is likely to come from the 
apparition of fractures due to the growth of helium bubbles as seen on TEM micrographs. 
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P-C5 
EDS analysis of loops induced into stabilized YSZ single crystals irradiated with neon ions at high temperatures 
Tomohiro Hojo, Ibaraki University, JP 
Akira Yasuhara, JEOL, JP 
Sigemi Furuno, Research Organization for Information Science and Technology, JP 
Hiroyuki Yamamoto, Japan Atomic Energy Agency, JP 
Kiichi Hojou, Japan Atomic Energy Agency, JP 
 
keywords: Dislocation Loop; Irradiation:Neon ion. 
 

Temperature effects on the formation of dislocation loops and bubbles produced in stabilized zirconia irradiated 
with 30 keV Ne

+
 ions for temperatures in the range from 723 K to 1123 K were investigated by TEM equipped with an 

ion accelerator. It was found that dislocation loops were formed on three crystallgraphic planes; namely, on {110}, 
{111} and {112} planes

[1]
.   

Analysis of Ne, zirconium and oxygen were performed on loops, in the vicinity of loops and in the matrix (region 
apart from loops).  Therefore, dislocation loops for EDS analysis were selected, which were inhabiting on {110} 
crystallographic plane and were observed on edge.  As a result of analysis, it was found that the density of Ne atoms 
increased on the loops, and that the density of oxygen decreased and zirconium increased on the loops. It is 
considered that many oxygen deficits are formed in the vicinity of a loop by Ne ion irradiation, though Zirconium has 
oxygen deficits essentially.  
 
[1] T.Hojo, et al., Nucl.Instr.and Meth. in phys. Res. B 250 (2006) 106-113 
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P-C6 
The Effects of Gamma-ray Irradiation on Electrical Resistivity of Zr-based Bulk Metallic Glass 
Luqman Hakim Ahmad Shah, Tohoku University, Japan, JP 
 
keywords: Bulk Metallic Glass; Electrical Resistivity; Gamma-ray Irradiation 
 
The assumption that bulk metallic glasses (BMGs) may be resistant to irradiation damage has led to their 
consideration as potential electrical applicants in fusion reactors. Maintaining the amorphous structure inside BMGs is 
crucial for keeping the material's electrical resistivity behavior. Therefore, a research is needed to examine any 
changes in its electrical property due to irradiation and annealing. 
The effects of gamma-ray irradiation followed by an annealing process of up to 500ᴈ on the electrical resistivity (ρ) 
have been investigated using the 4-probe technique. Changes in the structure’s crystallization transformation of the 
BMGs were also investigated using XRD and DSC at room temperature in air. Three Zr55Ni5Al10Cu30 samples were 
prepared, where two of the samples were irradiated with 318 kGy and 414 kGy dose of gamma rays respectively. It 
was found that, when annealing the samples up to 400ᴈ, the ρ of all samples decreased gradually with heat. 
Annealing the samples over 400ᴈ results in a steep decline of the ρ due to crystallization (Tx) at around 460ᴈ. There 
was slight differences in the samples’ ρ decreasing behavior, however, around 430ᴈ to 455ᴈ, and DSC analysis shows 
that it is due to the change in the glass transition temperature (Tg). Tg decreased from  447ᴈ to 432ᴈ in a linear 
manner with the increase of irradiation dose. All XRD patterns show crystalline peaks of mostly Zr2Cu structure after 
annealing over 460ᴈ. However, a crystalline peak of Zr2Ni structure was absent in the irradiated samples. The 
absence of Zr2Ni due to gamma ray ionization is considered to be the main cause of the decline in Tg with increase 
dose. 
In conclusion, the samples can be applicable in fusion reactors without change of electrical resistivity behavior even 
after irradiation with 414 kGy dose of gamma rays if the temperature is kept under 430ᴈ. 
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P-C7 
Damage evolution in Au-implanted titanate pyrochlores 
Yanwen Zhang, Pacific Northwest National Laboratory, US 
Xia Xiang, University of Electronic Science and Technology of China, CN 
Jacek Jagielski, Institute for Electronic Materials Technology, PL 
Lionel Thome, Centre de Spectrométrie Nucléaire et de Spectrométrie de Masse, FR 
William Weber, Pacific Northwest National Laboratory, US 
 
keywords: Pyrochlore; ion irradiation; Rutherford backscattering spectroscopy 
 
Pyrochlore materials, due to the remarkable elemental versatility in the A2B2O7 crystal structure, are considered for a 
wide range of applications, such as fuel cells, catalysts, inert fuel matrices, and waste forms for the immobilization of 
actinides. Considerable self-radiation damage from alpha-decay in actinide-bearing phases can result in 
amorphization, macroscopic swelling and significant increases in dissolution rates that can affect the long-term 
performance of actinide waste forms. Damage evolution on the Ho sublattices in Ho2Ti2O7 single crystals irradiated 
with 1 MeV Au

2+
 ions at room temperature was studied by Rutherford backscattering spectroscopy along the 

direction. For an accurate energy to depth conversion and a better determination of ion-induced disorder profile, an 
iterative procedure and a Monte Carlo code (McChasy) were applied to ion channeling spectra. A disorder 
accumulation model, with contributions from the amorphous fraction and the crystalline disorder, has been fit to the 
Ho damage accumulation data. The damage evolution behavior indicates that the relative disorder on the Ho 
sublattice follows a nonlinear dependence on dose and that defect-stimulated amorphization is the primary 
amorphization mechanism, which is similar to the irradiation behavior previously observed in Sm2Ti2O7. A slower 
observed damage accumulation rate for Ho2Ti2O7, as compared with damage evolution in Sm2Ti2O7, is mainly 
attributed to a lower effective cross section for defect-simulated amorphization. 
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P-C8 
Radiation defects behavior in oxide nuclear fuels: first principles modelling and helium release measurements 
Denis Gryaznov, Institute for Transuranium Elements, DE 
Eugene Kotomin, Institute for Solid State Physics, LV 
Sergey Rashkeev, Idaho National Laboratory, US 
Emilio Maugeri, Institute for Transuranium Elements, DE 
Thierry Wiss, Institute for Transuarnium Elements, DE 
 
keywords: Density functional theory, correlation corrections, helium, point defects behavior, UO2, PuO2, MOX 
 

UO2 and (U,Pu)O2 solid solutions (MOX) are commonly used nowadays as commercial nuclear fuels in many 
countries. One of the intriguing issues during such a fuel self-irradiation and an important safety issue during storage 
deals with the production and accumulation of point defects and helium therein. During storage, helium is mainly 
created by α-decay of minor actinides.  

We present and discuss the results of the density functional theory (DFT) study of UO2, PuO2 and MOX 
containing point defects and He atoms in octahedral interstitial positions. More precisely, we have calculated basic 
MOX properties, vacancy formation energies vs. Pu concentration, local atomic structure around vacancies, He 
incorporation and migration energies within the spin-polarized local density and generalized gradient approximations. 
In all these DFT calculations we included the on-site electron correlation corrections using the Hubbard model (DFT+U 
approach). We found a specific lattice distortion that allowed us to reproduce semiconducting properties of UO2 if He 
is present in its octahedral position. In contrast, PuO2 appeared to be more stable in presence of He in the same 
position suggesting a positive energy for its incorporation.  

The incorporation energies obtained in the present theoretical study are compared to those found from 
helium infusion and subsequent release experiments on UO2. Such experiments allowed us to accurately estimate the 
solubility of He and identify the mechanisms for its release as a function of annealing temperature. The main release 
was attributed to helium located in the octahedral interstitial sites. The helium thermal desorption has also been 
measured on different (Ux, Pu1-x)O2 samples in order to assess the influence of the microstructure on the underlying 
mechanisms. The presence of defects like dislocations, voids, grain boundaries modify significantly the helium location 
and desorption mechanisms. 
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P-C9 
Clarification of high density electronic excitation effects on the microstructural evolution in UO2 
Takeshi Sonoda, Central Research Institute of Electric Power Industry (CRIEPI), JP 
Motoyasu Kinoshita, Central Research Institute of Electric Power Industry (CRIEPI), JP 
Norito Ishikawa, Japan Atomic Energy Agency (JAEA), JP 
Masao Sataka, Japan Atomic Energy Agency (JAEA), JP 
Akihiro Iwase, Osaka Prefecture University, JP 
Kazufumi Yasunaga, Kyushu University, JP 
 
keywords: UO2; High burnup; High density electronic excitation, rim structure 
 
For progressing high burnup extension of light water reactor (LWR) fuels, formation and growth mechanism of a 
crystallographic re-structuring in the periphery region of high burnup fuel pellets, as named “rim structure” should be 
clarified. The key factor of the formation mechanism of the rim structure should be a high density electronic excitation 
effects on the accumulation process of radiation damages in LWR fuels. The objectives of the present study are to 
clarify (1) the properties of ion tracks in UO2, and (2) the microstructural evolution under accumulation of ion tracks in 
UO2. For separating and evaluating the effects, ion irradiation studies using high energy ion accelerators and 
transmission electron microscope (TEM) /scanning electron microscope (SEM) observations after irradiation are 
effective. Ion irradiation examinations have been done at JAEA-Tandem accelerator facility. 
 The diameter of ion tracks in UO2 and CeO2 under irradiation with 210 MeV Xe ions at room temperature was 4.9 nm 
and 9.3 nm, respectively. In case of 100 MeV Zr ions, the diameter was 1.8 nm and 7.6 nm, respectively. These results 
suggest that the sensitivity of high density electronic excitation of UO2 is much less than that of CeO2. 
210 MeV Xe ion irradiations at 300°C cause elliptical changes of fabricated pores (~ 6 mm depth) and the formation of 
dislocations in the ion fluence over 5x10

14
 ions/cm

2
. The drastic changes of surface morphology and inner structure in 

UO2 indicate that the overlapping of ion tracks will cause the point defects, enhance the diffusion of point defects and 
dislocations, and form the sub-grains at relatively low temperature. 
This study was financially supported by the Budget for Nuclear Research of the Ministry of Education, Culture, Sports, 
Science and Technology, based on the screening and counselling by the Atomic Energy Commission.  
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P-C10 
Thermal annealing of induced fission tracks in uranium-doped apatites 
Joelle CARPENA, University Paul Cezanne, FR 
Jean-Louis LACOUT, CNRS, FR 
 
keywords: Fission tracks; apatites 
 
The ability of natural poor-silicated apatites to anneal their radiation damage (1) makes such compositions promising 
medium for the disposal of radioactives wastes (2, 3). One of the most convincing demonstration of the stability of 
such composition of apatites can be found in studies conducted on natural apatites, from the In Ouzzal Môle (Algerian 
shield) (4) or from Oklo fossil nuclear reactors (Gabon) (5). 
Based on such geological observations, synthetic analogues of such natural apatites have been elaborated. The 
synthetic uranium-dopped apatites have been irradiated with a thermal neutron dose in the aim to induce a fission 
track density. Then, thermal annealing experiments allow us to compare their ability to anneal such nuclear damages 
with their natural analogues. The main conclusion of this study is that for a same thermal experience, the annealing 
rate is significantly lower in synthetic apatite than in the natural analogue. The alpha damage, accumulated in the 
natural analogue seems to strongly increase the annealing rate of the fission tracks. Such a conclusion is a strong 
argument for the utilization of such an apatitic composition to confine alpha-emitter nuclear wastes as the more the 
alpha-dose will increase, the more the thermal annealing of nuclear damage will increase too. Another conclusion has 
to be pointed out for the fission track geochronologists. We have to be carefull when we compare different ages 
obtained from different types of rocks as the more uranium-thorium rich crystals could be more sensitive to the 
temperature than poor crystals. 
  
(1) CARPENA J., 1998 - Uranium-235 Fission Track annealing in minerals of the apatite group: an   experimental study, 
in "Advances in Fission Track Geochronology", Eds. P. Van den Haute et F. de Corte, Kluwer Academie Press, 81-92. 
(2) CARPENA J. et LACOUT J.L., 1993, 1994, Procédé de conditionnement de déchets radioactifs utilisant des apatites 
silicatées comme matrice de confinement. 15 Juillet 1993 French Licence (HD627). 12 Juillet 1994 International 
Licence (WO 95/02886). 
(3) CARPENA J., L.BOYER, J.L.LACOUT, 1998, Procédé pour confiner le Plutonium dans des céramiques apatitiques et 
produits obtenus par ce procédé. French Licence (HD 704) n° 98 11334. 
(4) CARPENA J., J.R. KIENAST, K. OUZEGANE, C. JEHANNO - Evidence of the contrasted fission-track clock behavior of 
the apatites from in Ouzzal carbonatites (northwest Hoggar) : the low-temperature thermal history of an Archean 
basement, Geol. Soc. Amer. Bull., 100, 1988, 1237-1243.. 
(5) CARPENA J. et SERE V., 1995, From the natural to the synthetic analogue: interest of Oklo for the synthesis of 
stable crystalline matrices, Proceedings Fourth joint EC-CEA final Meeting, Saclay, 225-238. 
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P-C11 
Radiation damage and intermixing in layered thin film MgO and HfO2 structures. 
Igor Usov, Los Alamos National Laboratory, US 
James Valdez, Los Alamos National Laboratory, US 
Jonghan Won, Los Alamos National Laboratory, US 
David Devlin, Los Alamos National Laboratory, US 
Gordon Jarvinen, Los Alamos National Laboratory, US 
Kurt Sickafus, Los Alamos National Laboratory, US 
 
keywords: Hafnia; Magnesia; Ion Irradiation 
 
Oxide ceramics are considered to be potentially important for nuclear energy applications in advanced fuel and waste 
forms.  For this study we employed a thin film structures composed of MgO and HfO2 layers.  Such structures may 
serve as a basis of a nuclear fuel composed of two ceramics (CERCER) or a waste form with microstructurally isolated 
radioactive waste phase.  Then MgO is intended to represent an inert component and HfO2 simulates fissile or waste 
component.  The goal of the presented study was to investigate features of radiation damage accumulation and layer 
intermixing under nuclear reactor or waste storage conditions.  To simulate radiation environment the thin film 
structures were irradiated with 10 MeV Au ions in a wide fluence and temperature range.  Microstructural changes 
were examined by using transmission electron microscopy (TEM) and grazing incidence X-ray diffraction (GIXRD).  
Also, the thermally induced and radiation enhanced redistribution of cation elements (Mg and Hf) was analyzed by 
Rutherford backscattering spectrometry (RBS). 
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P-C12 
Irradiation damage in CeO2 irradiated with high-energy heavy ions 
Norito Ishikawa, Japan Atomic Energy Agency, JP 
 
keywords: Defects Production; Oxides: Ceramics;Swift-Heavy Ions 
 
Radiation damage in nuclear fuel in nuclear reactor can be classified into 2 types in term of its defect structure, such 
as 1) point-like defects created by elastic displacements and 2) continuous damage region (ion-track) created by 
electronic energy deposition.  In this study, in order to compare these qualitatively different radiation damages in a 
quantitative way, oxide ceramic material (CeO2) with fluorite crystallographic structure is irradiated with high energy 
particles by using 20MV tandem accelerator and 3MV tandem accelerator at Japan Atomic Energy Agency (JAEA). The 
evaluation of radiation damage is done by X-ray diffraction method, by which quantitative evaluation of radiation 
damage is possible. 
Thin films of CeO2 were prepared on single crystal sapphire substrates by sputtering methods. The film thickness was 
about 300 nm. The films were irradiated with 120MeV Xe from the tandem accelerator at JAEA-Tokai and with 10MeV 
Ni from the tandem accelerator at JAEA-Takasaki. Irradiation with 120MeV Xe ions is to simulate damage process of 
high-energy fission fragments via electronic energy deposition, while irradiation with 10MeV Ni ions is to simulate 
damage process via elastic displacements.  Both ions have same nuclear stopping powers, while having different 
electronic stopping powers. The decrease in XRD peak intensity, the increase in peak width and the shift of peak angle 
are observed after these irradiations. Although these tendencies are same for both irradiations, the fluence to observe 
the above-mentioned damage behaviors are different by an order of magnitude, suggesting that the damage 
production cross section for 10MeV Ni irradiation is 1/10 of that for 120MeV Xe irradiation. High damage cross section 
observed for 120MeV Xe irradiation is due to the damage production due to electronic energy deposition. 
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P-C13 
Swift Heavy Ion Irradiation-induced Microstructure Modification of two Delta-phase Oxides: Sc4Zr3O12 and Lu4Zr3O12 
Ming Tang, Los Alamos National Laboratory, US 
Patrick Kluth, The Australian National University, AU 
J. Zhang, Los Alamos National Laboratory, US 
B. Uberuaga, Los Alamos National Laboratory, US 
C. Reichhardt, Los Alamos National Laboratory, US 
Kurt Sickafus, Los Alamos National Laboratory, US 
 
keywords: Oxides, Swift-Heavy Ions, Irradiation 
 
Swift gold ions (185 MeV) were used to systematically investigate the radiation damage response of delta phase 
compounds Sc4Zr3O12 and Lu4Zr3O12 in the electronic energy loss regime.  Ion irradiation-induced microstructural 
modifications were examined using X-ray diffraction (XRD) and transmission electron microscopy (TEM).  XRD 
investigations indicate a phase transformation from ordered rhombohedral to disordered fluorite (O-D) in both 
compounds, with the Sc compound transforming at a higher ion fluence compared with the Lu compound.  This result 
is consistent with our previous study on Sc4Zr3O12 and Lu4Zr3O12 under displacive radiation environment in which the 
nuclear energy loss is dominant.  The microstructure of single ion tracks is characterized using plan-view and cross-
section TEM technique.  Factors influencing the irradiation damage response of these two compounds will be 
discussed. 
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P-C14 
Irradiation Damage Effects in Uranium-Bearing Delta-phase Oxides (A6U1O12 and A6U2O15) 
Ming Tang, Los Alamos National Laboratory, US 
K. Holliday, University of Nevada, US 
J. Valdez, Los Alamos National Laboratory, US 
C. Jiang, Los Alamos National Laboratory, US 
P. Dickerson, Los Alamos National Laboratory, US 
R. Dickerson, Los Alamos National Laboratory, US 
B. Uberuaga, Los Alamos National Laboratory, US 
Y. Wang, Los Alamos National Laboratory, US 
K. Czerwinski, University of Nevada, US 
Kurt Sickafus, Los Alamos National Laboratory, US 
 
keywords: Uranium-bearing oxides, Irradiation, Structural evolution 
 
The purpose of this study is to examine the radiation damage behavior of complex actinide oxides whose structures 
are derivatives of fluorite.  The particular actinide compounds in this presentation is uranium bearing delta (d) phase 
oxides A6U1O12 and A6U2O15 (A = rare earth cations).  This d-phase  structure belongs to space group  in a 
rhombohedral symmetry, which is closely related to the cubic fluorite structure.  These oxides are potential hosts for 
the immobilization of surplus actinides; they could be used as fuel forms for transmutation of actinides or waste forms 
for actinide disposal.Polycrystalline Y6U1O12, Gd6U1O12, Ho6U1O12, Yb6U1O12, Lu6U1O12; Y6U2O15, and Lu6U2O15 samples 
were irradiated with different ion species (300 keV Kr

++
, 400 keV Ne

++
, 100 keV He

+
) at cryogenic temperature (100 K).  

Irradiation damage effects in these samples were examined using grazing incidence X-ray diffraction and cross-
sectional transmission electron microscopy revealing the different radiation damage effects in these compounds.  
These d-phase compounds exhibit significant amorphization resistance in a displacive irradiation environment-to ion 
doses up to 65 dpa.  Furthermore, some of these compounds experience an O-D (ordered rhombohedral to disordered 
fluorite) transformation, at ion doses between 3.5 to 65 dpa, depending on ion species.  Factors influencing the 
irradiation damage response of these compounds will be discussed in terms of density functional theory (DFT) 
calculations of the O-D transformation energy and ion species spectrum effect. 
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P-C15 
Structural transformations in pyrochlore compounds induced by light ion irradiation 
Yuhong Li, Los Alamos National Laboratory, US 
Yongqiang Wang, Los Alamos National Laboratory, US 
Ming Tang, Los Alamos National Laboratory, US 
James Valdez, Los Alamos National Laboratory, US 
Kurt Sickafus, Los Alamos National Laboratory, US 
 
keywords: 
 
In this report, we compare radiation damage effects in polycrystalline A2Ti2O7 (A=Y, Lu and Gd) and Gd2Hf2O7 
pyrochlore compounds, induced by irradiation with 400 keV Ne

++
 ions at cryogenic temperature. Light ions were used 

to produce relatively dilute displacement cascades and also to achieve relatively large irradiation damage volumes 
(the latter to assist post-irradiation characterization). We observed an order-to-disorder (O-D) transformation in 
Gd2Hf2O7, while the titanate pyrochlores all experienced crystalline-to-amorphous (C-A) structural transformations. 
These structural transformations were characterized using grazing incidence X-ray diffraction (GIXRD) and cross-
sectional transmission electron microscopy (TEM). 
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P-C16 
AFM Characterization of Model Nuclear Fuel Oxide Multilayer Structures Modified by Heavy Ion Beam Irradiation  
Marilyn Hawley, Los Alamos National Laboratory, US 
Igor Usov, Los Alamos National Laboratory, US 
David Devlin, Los Alamos National Laboratory, US 
Kurt Sickafus, Los Alamos National Laboratory, US 
James Valdez, Los Alamos National Laboratory, US 
 
keywords: Fuel Form; Radiation Structure Modification; Oxide Films, Nanostructure, Atomic Force Microscopy 
 
To understand the stability of a proposed dispersion fuel form design, idealized model systems composed of 
multilayers were studied. This type of structure allowed us to control the size and spacing of each layer. For this study 
the model system consisted of a thick layer (880 nm) of a surrogate fissile material sandwiched between thinner layers 
(50 nm) of a stable and easily separable material that captures the fissile products. This tri-layer metal oxide film 
structure was composed of alternating layers of HfO2 and MgO grown at room temperature by e-beam deposition on 
a Si(111) substrate. The substrate was subsequently divided into multiple pieces to allow annealing and irradiation 
studies. Because HfO2 is amorphous when grown at room temperature, some of the pieces of the tri-layer film were 
post-annealing at temperatures from 200 to 800°C to crystallize the HfO2 layers. The 550°C annealed sample was 
irradiated with 10 MeV Au3+ ions at a range of fluences from 1014 to 5x1016 ions/cm2. Single-phase films of the two 
component materials and the substrate were also irradiated at 5x1015 ions/cm2 for comparison. After annealing and 
irradiation, the samples were characterized using atomic force imaging techniques to determine local changes in 
microstructure and mechanical properties. All samples annealed above 550°C cracked. From the AFM results we 
observed both crack healing and significant modification of the surface not observed at low fluences. Experimental 
details results, and interpretation will be presented. 
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Atomic Scale Simulation of the surfaces of Magnesium Hydroxide 
Donat Fatet, Imperial College London, GB 
 
keywords: surface; interface; magnesium; hydroxide; brucite; nuclear; waste 
 
In the United Kingdom, The storage of spent magnox fuel pins in water has resulted in an estimated 12,000 m3 of 
irradiated magnesium Corroded Magnox Sludge  – containing mostly brucite, Mg(OH)2. It is important to better 
understand the long term structural behaviour of this waste and its interaction with its current environment in order 
to form an effective and safe disposal strategy. 
This pro ject has led to the creation of an atomic scale model of the surface energies of brucite using pair potential 
methods. Both surface and attachment energies were derived for low index surfaces, and Wulff diagrams of the 
resulting growth and equilibrium morphologies were drawn. The lowest energy surfaces were calculated to be {0001} 
(the basal plane family) and {10¯10} (the prismatic plane family). Calculated Wulff diagrams showed platelet 
morphologies due to the dominance of the basal plane and in agreement with available micrographs of the brucite in 
situ. Further work will focus on studying the stability of these surfaces in their aqueous environment and finding the 
mechanisms for the adsorption of radionuclides onto the surfaces. 
 
 
  



REI 2009 Poster Session C 
 

 20 

P-C18 
Quantitative chemical state analysis of nitrogen implanted TiO2 photocatalyst 
Tomoko Yoshida, Nagoya University, JP 
Shunsuke Muto, Nagoya University, JP 
Eriko Kuda, Nagoya University, JP 
 
keywords: Oxides: Ceramics 
 
Photocatalytic reactions at the surface of titanium dioxide (TiO2) under UV light irradiation have been attracting much 
attention due to their practical applications such as environmental cleaning. Recently, it was found that the doping of 
nitrogen into TiO2 contributed to narrowing of the band gap, thus providing a visible-light response. Previous studies 
demonstrated that nitrogen doping generated new optical absorption bands in the visible-light region and the 
absorbance evolved with increasing nitrogen. On the other hand, absorbance may not be linearly proportional to the 
photocatalytic activity, and it is thus important to understand the chemical environment and optimum concentration 
of N most effective for the photocatalytic response.   

To investigate the optimal local concentration of doped nitrogen, in the present study, nitrogen implantation 
technique was applied for sample preparation.  The N K-edge XANES spectrum of the active photocatalyst showed a 
characteristic double-peak around 400 eV, and the XANES spectrum of the inactive photocatalyst a distinct single peak 
around 401 eV.  These features of the XANES spectra were well reproduced by theoretical simulations based on the 
model where an O atom in TiO2 were replaced by N for the active photocatalyst, and that of substitutional NO2 for the 
inactive photocatalyst.  In the depth-revolved N K-edge ELNES of the active photocatalyst, the double-peak around 
400 eV was also observed near the surface region, and the distinct single peak around 401 eV gradually dominated 
with increasing depth, which reflected the different chemical states of N depending on the local nitrogen 
concentrations.  In addition, quantitative analysis using N, O K-edge and Ti L-edge ELNES of this catalyst revealed that 
the inactive N-O species start to evolve when the local nitrogen concentration exceeds 1.8 atom%.   
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Nonlinear optical properties of Au-Ag nanoplanets made by ion beam processing of bimetallic nanoclusters in silica. 
Tiziana Cesca, University of Padova, IT 
Giovanni Pellegrini, University of Padova, IT 
Valentina Bello, University of Padova, IT 
Carlo Scian, University of Padova, IT 
Paolo Calvelli, University of Venice, IT 
Paolo Mazzoldi, University of Padova, IT 
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Giovanni Mattei, University of Padova, IT 
 
keywords: Nanostructures in Insulators; Nonlinear optical properties 
 
Ion irradiation is a versatile tool for synthesizing and processing plasmonic nanostructures in insulating matrices, 
whose functional properties can be tuned by a tailored control of the irradiation parameters. Metal nanocluster (NCs) 
composite glasses have attracted much interest over the last decade for their peculiar nonlinear optical (NLO) 
properties related to the strong surface plasmon resonance in the visible spectrum. These systems are promising for 
molecular sensing applications and as ultrafast nonlinear optical elements. Recently, the plasmonic properties of a 
new class of nanocluster structures obtained by ion irradiation, named “nanoplanets”  (NPLs) [1], consisting of a 
central cluster surrounded by small satellites clusters, have been theoretically investigated in the framework of a full-
interaction electromagnetic approach [2], revealing large local-field enhancements in the satellite cluster halos. In this 
work the third-order nonlinear optical properties (nonlinear refractive index and nonlinear absorption coefficient) of 
bimetallic Au-Ag NPLs have been experimentally investigated by means of the single beam z-scan technique. The 
measurements have been performed in the picoseconds regime in order to isolate the electronic contribution to the 
third-order nonlinearity. The samples exhibit a promisingly large nonlinear absorption characterized by the 
concomitance of both saturable (SA) and reverse saturable (RSA) absorption. This makes the evaluation of the 
nonlinear optical parameters not straightforward. A phenomenological function therefore has been developed to fit 
the z-scan curves, to quantitatively determine the coefficient of SA and RSA as well as the nonlinear refractive index. 
 
[1] G. Mattei et al., Phys. Rev. Lett. 90, 085502 (2003) 
[2] G.Pellegrini et al., Optics Express 15, 10097 (2007) 
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Carbon Negative-Ion Implantation on Silicone Rubber with Narrower Line Width for Pattern Adhesion of 
Mesenchymal Stem Cells and Control of Nuclei Orientation 
Hiroshi Tsuji, Kyoto University, JP 
Piyanuch Sommani, Kyoto University, JP 
Hiroyuki Kojima, Kyoto University, JP 
Hiroko Sato, Kyoto University, JP 
Yasuhito Gotoh, Kyoto University, JP 
Gikan Takaoka, Kyoto University, JP 
Junzo Ishikawa, Chubu University, JP 
 
keywords: Pattering, Stem Cell, Silicone Ruber, Negative-ion Implantation, Polymer, Bio-compatibility 
 
Surface modification of polymeric materials for stem cell adhesion, especially, self-alignment of single cell in the 
lateral direction of a line or control of cell nucleus direction, is one of challenging issues for cell engineering. We have 
investigated a radiation effect of carbon negative-ion implantation onto very narrower region on the silicone rubber 
then cell size upon the adhesion properties of mesenchymal stem cell (MSC). Carbon negative ions were implanted 
into silicone rubber sheet with a thickness of 0.5 mm at energy of 10 keV with fluence of 3 x 10

15
 ions/cm

2
 in a wedge 

pattern with about 1.1 degrees of the top angle. For this patterning, we used two overlapped slit-pattern masks with a 
small angle, where each mask has many long rectangular slits 50 µm in width and 70 µm spacing. Resulted each wedge 
pattern has a very narrow width from about 1 µm to 40 µm in both ends and almost long narrow line. The sample of 
carbon negative-ion implanted silicone (p-C/SR) was placed on PS dish. MSC Cells were cultured on the p-C/SR sample 
for 2 days in an incubator at 37

o
C with 5%-CO2 flow after sterilization. After immobilization with formalin, the MSC 

cells were stained by DAPI for nuclei. The adhered cells extended their bodies long more than 100 mm along the line. 
Therefore, the position of cell adhesion is evaluated by the position of MSC nucleus, i.e. the adhesion width in the 
implantation pattern at the nucleus location. The first appeared MSC cell from the tip of each wedge patterns was 
situated on the line-width from 3 to 12 µm. At more than 20 µm, plural cells adhered. The most probable value of 
single adhesion was 8 µm of the line-width. For the nuclei with ecliptic shape, almost all of the cell nuclei adhered in 
the wedge pattern with the same direction of nuclei orientation along the modified line.  
This means that the control of nucleus orientation can be done by the radiation effect of the ion implantation in 
narrower size than cell size. 
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Luminescence Improvement of Germanium Implanted Silica layer by Two-Stage Heat Treatments for Reduction of 
Ge atoms and Oxidation Control 
Hiroshi Tsuji, Kyoto University, JP 
Nobutoshi Arai, Sharp Cooporation, JP 
Masashi Hattori, Kyoto University, JP 
Masayuki Ohsaki, Kyoto University, JP 
Yasuhito Gotoh, Kyoto University, JP 
 
keywords: Negative Ion Implantation, Photoluminescence, Electroluminescence, Defects, Oxides, Nanoparticles 
 
As a light emission material in UV – blue region, Ge-implanted silica glass is one of the attractive materials. Its 
photoemission mechanism is considered to be oxygen defect center related to GeO2 from the obtained luminescence 
peak wavelength. Therefore, the control of oxidation state of implanted Ge atoms in SiO2 is considered the most 
important factor for development of strong photoemission device. We implanted germanium negative ions into 
thermally grown thin layer of Si substrate, and have investigated the luminescence properties from the Ge-implanted 
oxide layer after various annealing. Ge negative ions were implanted into a thermally grown SiO2 layer with a 
thickness of 100 nm and 50 nm on Si substrate at three times with energies of 50, 20 and 10 keV for the same sample. 
By this multi-energy implantation, almost uniform Ge concentration was obtained in a depth range from 5 to 45 nm. 
The average Ge concentration of 0.5 – 6 at.% can be set with selecting three fluences for each energies. The 
photoluminescence was measured by using deuterium lamp. After annealing in N2 flow for 1 h, Ge-implanted samples 
showed PL emission in UV-blue region with a peak at 390 nm after annealing at temperatures of 600 – 800

o
C. The Ge 1 

at.% sample has the stronger intensity. From XPS analysis, the reduction of implanted Ge atoms was found to result 
after the annealing. This suggested an active oxidation process for dense Ge concentration is required. After only 
annealing in decompressed air, Ge-implanted 50-nm-SiO2 samples at 3 and 6 at.% were showed an increasing property 
in PL emission stronger by 4 times than that annealed in N2. But, the PL intensity was still less than that of the Ge 1 
at.% sample annealed in N2.  
We applied 2 stages annealing in N2 and then in decompressed air for reduction of Ge to from nanoparticles and 
oxidation of Ge Nano from the outside. The considerably intense PL and EL emissions were obtained. The details are 
presented at the conference. 
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P-C22 
Ion Radiation Effects on Chitosan Membrane Biocompatibility with Human Cells 
Liangdeng Yu, Chiang Mai University, TH 
 
keywords: Applications; Biomaterials; Biocompatibility 
 
For developing applications of locally produced chitosan membranes to artificial organs, ion implantation and plasma 
are applied to treat the membrane surface. Chitosan membrane surface was processed ions from either normal ion 
beam or biased or non-biased plasma of argon, nitrogen, oxygen and fluorine. Human skin cancer cells were first 
applied for testing the biocompatible characteristics of the membrane surface and the cell growth was found ion 
species dependent. Argon ion radiation was found very favorable to enhancing the cell proliferation, whereas nitrogen 
ion radiation inhibited the cell proliferation; oxygen and fluorine ion radiations induced hydrophobicity and 
hydrophilicity had no noticeable effect on the cell proliferation. Human blood vessel endothelial and smooth muscle 
cells were then used for investigation of applicability of the ion-bombarded chitosan membranes. The results showed 
that, in addition to the ion species dependence, the cell adhesion was dependent on ion energy and fluence. The 
paper reports details of the results and discusses relevant indications and mechanisms in terms of chemical bonding 
and surface morphology. 
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Luminescence properties of Ge implanted SiO2 Layer on Si and Oxidation State of Ge atoms 
Nobutoshi Arai, Sharp corporation, JP 
Hiroshi Tsuji, Kyoto University, JP 
Hiroshi Kotaki, Sharp Corporation, JP 
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Yasuhito Gotoh, Kyoto University, JP 
Junzo Ishikawa, Chubu University, JP 
 
keywords: Oxides: Glasses; Nanostructures in Insulators 
 
Semiconductor materials compatible with the standard Si technology are attractive materials for light-emitting devices 
desired for communication in a LSI chip. Ge implanted silica glass has photoemission property in a range from UV to 
blue light. The photoemission mechanism is considered to be oxygen defect center related to GeO2. This means it 
important for development of strong photoemission device to clarify the relationship between Photoluminescence 
and oxidation state of Ge atoms. Ge negative ions were implanted into a thermally grown SiO2 layer with a thickness 
of 100 nm and 50 nm on Si substrate. The Ge concentration is 0.5-6 at.% in TRIM-DYN calculation. We have 
investigated the PL properties of Ge implanted SiO2 layer on Si and oxidation state of implanted Ge atoms after 
annealing with various condition. All of the Ge-implanted samples showed PL emission in UV-blue region with a peak 
at 390 nm after annealing at temperatures of 600-800

o
C in N2 flow(50 mL/min) for 1 h. In the PL spectra, Ge 1 at.% 

sample has the stronger PL intensity. In order to optimize annealing condition for dense Ge concentration, Ge-
implanted 50-nm-SiO2 samples at 3 and 6 at.% were annealed in N2 flow and air (10 mL/min) flow for 1-6 h. After 
annealing in N2, PL intensity did not show a significant increase in PL intensity. However, we obtained a remarkable 
increase in PL intensity at 390 nm from some samples annealed in air. PL spectra obtained from 3 at.% Ge sample 
after annealing at 700

o
C in the air for various hours were also investigated. After annealing in decompressed air for 2 

h, we obtained the PL intensity stronger by 4 times than that annealed in N2. In the XPS analysis of Ge 6 at.% samples 
after annealing in N2, the reduction of Ge atoms was revealed. It is important for strong PL emission to control the Ge 
oxidation state and the further device for annealing by using nanoparticle formation of Ge is required for much more 
the ODC. 
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Radiation Effect of Carbon Negative-Ion Implantation on Polytetrafluoroethylene for Controlling Cell-Adhesion 
Property 
Piyanuch Sommani, Photonics and Electronics Science and Engineering Center, Kyoto University, JP 
Hiroshi Tsuji, Department of Electronic Science and Engineering, Kyoto University, JP 
Hiroyuki Kojima, Department of Electronic Science and Engineering, Kyoto University, JP 
Hiroko Sato, Department of Electronic Science and Engineering, Kyoto University, JP 
Yasuhito Gotoh, Department of Electronic Science and Engineering, Kyoto University, JP 
Junzo Ishikawa, Department of Electronics and Information Engineering, Chubu University, JP 
Gikan Takaoka, Photonics and Electronics Science and Engineering Center, Kyoto University, JP 
 
keywords: Negative-Ion Implantation; Surface Modification; Polytetrafluoroethylene; Cell Adhesion Control 
 
Biocompatible control of high hydrophobic polymers is one of important factors for cell adhesion. We have 
investigated a radiation effect of negative-ion implantation on the changes of physical surface property of 
polytetrafluoroethylene (PTFE) and also the adhesion property of stem cells. Carbon negative ions were implanted 
into PTFE sheets at fluences of 0.1 – 10 (×10

15
) ions/cm

2
 and energies of 5 – 20 keV. For physical surface properties, 

atomic bonding state and wettability on the sample surfaces were investigated by XPS analysis and water contact 
angle measurement, respectively. For cell-adhesion properties, the PTFE sheets were patterned through the micro-
pattern mask consisted of many slit apertures of 50 µm in width and 150 µm in spacing. Rat mesenchymal stem cells 
derived from rat bone marrow were cultured on the samples in the culture medium containing 10% fetal bovine 
serum for 4 days, and the adhesion properties were observed by fluorescent microscopy.  
XPS analysis shows peak position shifting from 292.5 ev to 285 eV and long tail on the left side with an increasing in 
fluence due to cutting of C-F2 bonds, increasing of C-C bonds and formations of OH and C=O bonds. Contact angles of 
PTFE decreased from about 104° to 88° with an increasing in influence to 1×10

16
 ions/cm

2
. This corresponds to the 

changing of C 1s spectra due to formation of hydrophilic groups such as OH and C=O. The clear adhesion patterning of 
MSCs on the PTFE at energies of 5 - 10 keV and fluences of 1 – 3 (×10

15
) ions/cm

2
, while the sparsely patterns at low 

fluence of 10
14

 ions/cm
2
 and the uncontrollable patterns at high fluence of 10

16
 ions/cm

2
 were obtained. As a result, 

we can improve the surface wettability of PTFE for controlling cell-adhesion property by carbon negative-ion 
implantation. 
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Structural and compositional characterization of LiNbO3 crystals implanted with high energy iron ions 
Cinzia Sada, University of Padova, IT 
Nicola Argiolas, University of Padova, IT 
Marco Bazzan, University of Padova, IT 
Maria Ciampolillo, University of Padova, IT 
Anna Zaltron, University of Padova, IT 
Paolo Mazzoldi, University of Padova, IT 
Dinesh Agarwal, Inter-University Acccelerator centre, IN 
Devesh Avasthi, Inter-University Acccelerator centre, IN 
 
keywords: lithium niobate; local doping; ion implantation; compositional analysis; structural analysis; 
photorefractivity; iron 
 
The exploding demand for high tech devices for environment and space applications has led to a push for a greater 
integration and compactness. In this scenario, the combination of excellent electro-optical and non linear optical 
properties makes lithium niobate (LiNbO3) an attractive host material for application in integrated optics, especially in 
the field of holografic data storage by exploiting its photorefractive properties. In particular, it is well known [1] that 
iron – doped lithium niobate (Fe:LN) crystals presents enhanced photorefractive response. Among the others, local 
doping by ion implantation is one of the most promising techniques since low dopant concentration with a designed 
profiles can be achieved by tailoring the ion beam irradiation parameters. Both these aspects demonstrated to be 
critical in the exploitation of Fe:LNs for holographic applications [2,3]. In this work Fe ions of (95 – 105 MeV) through a 
7.5 µm thick Fe foil were implanted at a fluence of 2x1013 ions/cm2 for each energy, to have a broader and uniform 
distribution of Fe in LN up to about 1 µm. SRIM computer code was used to simulate the thickness of degrader foil to 
get the broader distribution due to straggling. In order to understand the basic phenomena underlying the 
implantation process, compositional in-depth profiles obtained by exploiting the secondary ion mass spectrometry 
were correlated to the structural properties of the implanted region measured by the high resolution x-ray diffraction.  
 
References  
*1+ T. Volk and M. Wohlecke, “Lithium Niobate, defects, photorefraction and ferroelwectric switching”, Springer Series 
in Materials Science, Editors R. Hull, R.M. Osgood, J. Parisi, H. Warlimont, Berlin, 2008 ISBN 978-3-540-707660  
[2] P.Bourson et al. Opt. Mater. 24 (2003) pp 111-116  
[3] K. Peithmann et al. Appl. Phys. B 68(1999) pp 777-784 
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The coupling effect in array waveguide formed in LiNbO3 crystal by oxygen ion implantation 
Jin-Hua Zhao, Shandong University, CN 
Xiu-Hong Liu, Shandong University, CN 
Qing Huang, Shandong University, CN 
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Lei Wang, Shandong University, CN 
Xue-Lin Wang, Shandong University, CN 
 
keywords: Applications: photonic: ion implantation, waveguide 
 

Ion implantation is one of the important techniques for modifying surface properties, and it has been widely used 
in many materials because it can offers accurate control in both dope composition and penetration depth by use of 
the species and the energy of the ions. In this paper, the 11 m˃ period array channel waveguide in z-cut LiNbO3 crystal 
has been fabricated by direct multiple energy oxygen ion implantation with the total dose of 6×10

14
 ions/cm

2
. The 

extraordinary refractive index profile is calculated by a theory model which is based on the relation between damage 
ratio and refractive index. The coupling effect is observed by end face coupling method, the FD-BPM (beam 
propagation method based on the finite difference method) is used to simulate this effect and contrast to the 
experiment results. 
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Irradiation of Polystyrene and Polypropylene to study NIH 3T3 fibroblasts adhesion 
C. R. Arbeitman, Gerencia de Investigación y Aplicaciones, TANDAR-CNEA,, AR 
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keywords: Irradiated polymers; Biocompatibility; Cell adhesion; 
 
When polymers are irradiated with heavy ions new chemical groups are created into a few microns of the material 
changing the surface polarity and wettability. In general these changes could enhance the biocompatibility of the 
modified polymer. The surface chemistry and nanoescale topography of biomaterials are important for many potential 
applications in medicine and biotechnology because of their strong influence on cell function, adhesion and 
proliferation. The use of heavy ion beams to modify polymers could be an interesting application in tissue engineering.  
In this study, thin foils of Polystyrene and Polypropylene samples were modified by irradiation with low energy ion 
beams (30-150 keV) and swift heavy ions both with various fluences and energies. Characterization of the changes 
produced on the surface structure was evaluated with different methods.  
Adhesion of NIH 3T3 fibroblasts onto unirradiated and irradiated surfaces has been studied by in vitro technique. The 
cell adhesion on the modified polymer was correlated to the physico chemical properties of the surface as a function 
of different irradiation parameters.  
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Light-emitting Si nanocrystals synthesized in silica by irradiation with swift heavy ions 
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Light emission from Si nanocrystals (Si-ncs) has generated wide interest because of potential applications in Si-based 
optoelectronics. In this work thin SiO2 layers with ~10% of excess Si were irradiated with 130 MeV Xe ions to the doses 
of 3x10

12 
cm

-2
 - 10

14 
cm

-2
. Such ions leave in the layers ~14 keV/nm with 99,8% of them being ionization losses. 

Anneals in forming gas (94 % Ar + 6 % Н2) at 500 
o
C for 1 h and in dry N2  at 800 - 1100 

o
C for 30 mins have been used. 

The structural and optical properties were controlled by high resolution electron microscopy (HREM) and by 
photoluminescence (PL) at 20 

o
C. After Xe irradiations HREM revealed in the layers the 3-4 nm-size contrast spots, 

whose number and size grew with increase in Xe dose. PL band at 660-680 nm was observed and found to vary non-
monotonously with growing Xe dose. More prolonged bombardment caused PL to grow up to saturation. Passivation 
by H2 quenched the band and promoted PL at ~780 nm, typical of Si-nc. Subsequent anneals of the samples in N2 
caused the emission to decrease, that was ascribed to evaporation of H2. However high temperature anneals 
enhanced the 780 nm band. These results have been compared with the effect of the same Xe irradiations on Si-ncs 
embedded in silica. Their strong PL at ~780 nm fell rapidly under bombardment, with subsequent appearance and 
growth of the 660-680 nm band. H2 passivation stimulated restoration  of PL at  ~780 nm. The obtained results are 
interpreted as PL at ~660-680 nm belongs to the damaged Si-ncs, which may be healed by the H2 passivation.  It is 
concluded, that electronic losses of Xe ions are mainly responsible for formation of new Si nanostructures in ion 
tracks, whereas elastic losses introduce radiation defects, which quench PL. Non-monotonous changes in PL intensity 
with growth of Xe ion dose are accounted for the difference in diameters of Xe ion tracks and displacement cascades. 
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Influence of UV irradiation and RTA process on optical properties of Si implanted SiO2 
Tsutomu Iwayama, Aichi University of Education, JP 
Takayuki Hama, Kanazawa University, JP 
David Hole, University of Sussex, GB 
 
keywords: Nanostructures in Insulators 
It is well known that Si implantation into SiO2 and subsequent high temperature annealing (above 1000

o
C) induce the 

formation of luminescent Si nanocrystals. The photoluminescence peaking in the near infrared or visible spectrum is 
related to Si nanocrystals formed by decomposition of the SiOx phase with high temperature annealing. Si 
implantation was widely used to synthesize specimens of SiO2 containing super-saturated Si with different 
concentrations and expected for applications of optoelectronic devices. 
In this work, the potentialities of excimer UV-light (172nm, 7.2eV), pulsed YAG laser (266 nm, 4.7eV) irradiation and 
rapid thermal annealing (RTA) to enhance the photoluminescence intensity and to achieve low temperature formation 
of luminescent Si nanocrystals have been investigated. The samples used were prepared by implanting Si into oxidized 
Si layers. The Si ions were introduced at acceleration energy of 180keV to fluence of 7.5x10

16
 ions/cm

2
. The implanted 

samples were subsequently irradiated with an excimer lamp or fourth harmonic generation of YAG laser. After 
irradiation, the specimens were rapidly thermal annealed. Then the samples were annealed for a few hours using 
conventional oven. Photoluminescence spectra were measured at various stages at the process. 
We found that the luminescence intensity strongly enhanced with an excimer UV-lamp or a laser irradiation, and 
subsequent rapid thermal annealing prior to a conventional furnace anneal. Moreover, effective visible 
photoluminescence is found to be obtained even after furnace annealing below 1000

 o
C, only for specimens treated 

with an excimer UV-lamp irradiation and a rapid thermal annealing process, prior to conventional furnace anneal 
process. Based on our experimental results, we discuss the mechanism for the initial formation process of the 
luminescent Si nanocrystals in SiO2, together with the effects with excimer UV-lamp irradiation, laser irradiation and 
RTA process on the photoluminescence.  
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keywords: Refractive Index; Lithium Niobate; Ion Implantation 
 
Refractive index profiles of ion-implanted Lithium Niobate waveguides are investigated.  
z+ and  z- congruent Lithium Niobate samples have been implanted with C

3+  
ions at fluence of  4x10

14
 ions/cm

2
. Dark 

m-lines measurements have been performed on ordinary (no) and extraordinary (ne) indexes for three different 
wavelengths (532 nm, 632.8 nm, 818 nm) before and after the annealing process.  
No differences have been observed between z+ and z- samples.  
The lower order mode (highest effective index) dispersion in both ne and no is close to the standard Sellmeier curve for 
virgin material, moving  away from it in a regular fashion for higher order modes. An enhancement of extraordinary 
index in waveguide region is argued by the appearance of  modes whose effective refractive indexes are above the 
substrate value, unlike the observed ordinary index modes which lie all well below the substrate.  
The annealing process acts in an opposite direction on ordinary and on the extraordinary indexes, mainly pushing 
towards higher values the no effective indexes and towards lower values the ne indexes. This can be ascribed to a 
partial birefringence recovery (decrease of ne, increase of no) induced by annealing of the surface damaged material. 
A reconstruction of refractive index profiles by RCM (reflectivity calculation method) technique is presented and 
commented. 
The literature data for nuclear damage regime have been collected and critically examined. 
The presented results agree with the observed trend in the low damage region. 
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Thermal Emission and Thermal Behavior of OH Molecule in Pure Silica Core Fiber Annealed at High Temperature 
Ihsansubhi Mohamad Mohsin, Tohoku University Japan, JP 
 
keywords: Optical Fibers; Temperature Sensor; OH Absorption;Gamma ;Defects Production 
 
We have studied the effect and behavior of OH molecule on thermal emissions of pure silica-core optical fiber during 
annealing. Based on observation, by heating the fiber up to 873K, we found that the emission peaks appear at 1290 
and 1390nm which similar to the Si-OH molecular absorption band. Since the emission peaks intensity shows a great 
dependency on temperature [1], it is possible to utilize the optical fiber itself as temperature sensors in fusion reactor 
as well as high temperature gas-cooled reactor (HTTR). Thus, crucial investigations regarding the relation between the 
emissions and OH concentration as well as the effect of irradiation are needed. As for the experiment, we performed 
in situ measurements of the emission and OH absorption spectrum of pure silica-core fiber (OH:4x10

-3
ppm/m) during 

annealing in air and vacuum at stationary 873,973,1073 and 1173K. We also measured both spectra at 873 and 1073K 
in air with 1.81Gy/s of gamma-ray irradiation. The emission and OH absorption peaks increased with the increase of 
the annealing time in air, while for vacuum, both peaks intensity decreased. Moreover, the fluctuation rates of the 
absorption peaks depend on the respective temperatures, which were greater at higher temperature. It can be 
concluded that, the emission peak increased, due to the migration of OH molecule from outside into the fiber for the 
annealing in air. This mechanism suppressed in vacuum as no penetration of OH molecule from outside instead of 
releasing it out, hence decreasing the intensity of luminescence peak. For the irradiation results, the optical fiber lost 
its transparency at 19 hours of exposing time at 1073K, while the transparency was kept until 42 hours for those at 
873K. Hence, the transparency loss growth due to irradiation also depends on temperature as well, which is higher if a 
greater temperature takes place. 
 
[1] A. Honda, K. Toh, S. Nagata, B. Tsuchiya, T. Shikama, J. Nucl. Mater. 367-370 (2007) 1117 
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Ion irradaiation effects on optical properties of tungsten oxide films 
Shinji Nagata, Tohoku University, JP 
Haruka Fujita, Tohoku University, JP 
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Bun Tsuchiya, Tohoku University, JP 
Tatsuo Shikama, Tohoku University, JP 
 
keywords: Tungsten Oxides; Optical absorption; Ion Irradiation; Oxygen; Hydrogen; Sputtering; Thin Films 
 
A tungsten tri-oxide (WO3) film covered with a thin catalyst layer is one of the candidates for hydrogen sensing devices 
that show a reversible coloration phenomenon under hydrogen exposure.   While the injection of the cations and/or 
the formation of the oxgen vacancies can be responsible for the colorlation of the film, the mechanism of the 
gasochromic phenomenon is not fully understood.    In the present work, the changes of the opical properties in the 
WO3 film by ion irradiation were investigated to clarify the relation between the coloration and oxygen vacancies.   
Tungsten oxide thin films of 300 - 500 nm thicknesses were deposited on a SiO2, C or Si substrates by reactive RF 
magnetron sputtering using a mixture of argon oxygen gases.   Characterization of the structure of the film was 
examined by X-ray diffractometry and by transmission electron microscopy.   Ion-beam analysis techniques were 
employed to determine the concentration profiles of W, O and H atoms. Oxygen ions at energies between 200 and 
800 KeV were irradiated to the film at the room temerature and 623 K.    Thermal annealing was carried out up to 600 
K after the ion irradaition.    The optical absorption of the film was measured in the wavelengths between 190 and 
1000 nm.   While an amorphous layer of transparent WO3 was obtained under sufficient oxygen pressure at room 
temperature, hydrogen atoms were uniformly distributed in the film with a concentration as high as H/W = 0.7.   The 
ion irradiation caused optical absorpion in a wide range of the wavelength from the visible to the near-infra-red 
region.   The optical absorbance liiniealy increased with increasing the iradiation fluence up to 10

15
 ions/cm

2
.    During 

the heat treatment in air atmosphere, the recoverly of the transmittance started at 400 K and almost completed at 
500 K.     On the other hand, the transparency of the un-iradiated film was lost by the heat treatment in a high 
vacuum, accompanying the drop of the H and O concentration. 
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Formation of regular arrays of nanoscale surface features using a mask of ion beam modified silica particles 
Juan-Carlos Cheang-Wong, Instituto de Física, Universidad Nacional Autonoma de Mexico, MX 
 
keywords: Colloidal silica nanoparticles; Patterning; Ion beam irradiation 
 

Colloidal silica particles are being intensively studied due to their potential applications in intelligent 
materials, optoelectronic devices or nanolithography. Moreover, the shape of silica particles can undergo extreme 
deformations under exposure to high-energy ion beam irradiation. On the other hand, shrinking device dimensions 
make it increasingly more difficult and costly to fabricate high-quality nanostructures, and then several alternative 
approaches must be explored. In this work, a monolayer of spherical silica particles was used as a mask to create 
regular arrays of nanoscale surface features, such as Ag deposits. Also, ion beam modified masks were used to tailor 
the size and arrangement of these Ag deposits on Si substrates as a function of the ion fluence. Spherical silica 
particles were prepared by the Stöber method and deposited onto silicon wafers. Some of the samples were 
irradiated at room temperature with 4 MeV Si ions at a various fluences. After the irradiation the silica particles can be 
turned into oblate particles, as a result of the increase of the particle dimension perpendicular to the ion beam and a 
decrease in the direction parallel to the ion beam. By this way the mask openings of the silica particle monolayer were 
modified and the subsequent Ag evaporation allow the formation of ordered arrays of Ag features. The size, size 
distribution and shape of both the silica particles and the Ag deposits were determined by using Scanning Electron 
Microscopy. 
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Nanopatterning of silica with mask-assisted ion implantation 
Giovanni Perotto, University of Padova, IT 
Valentina Bello, University of Padova, IT 
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Carlo Scian, University of Padova, IT 
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Mask-assisted ion beam processing of insulating substrates is a versatile tool for achieving nanopatterning of a 
substrate through the formation of ordered nanostructures.  The possibility of producing  self-assembled monolayers 
of silica or polystyrene nanospheres (NS) with size in the 100-1000 nm on the substrate to be patterned can be 
considered a much simpler and cheaper alternative to conventional lithographic techniques for the synthesis of 2D 
ordered arrays of nanostructures, exploiting the so-called Nanosphere Lithography (NSL) [1,2]. Indeed after the 
nanosphere mask is deposited, ion implantation can be used to selectively modify the substrate through the triangular 
holes left among adjacent NSs, providing that these are thick enough to stop incoming ions.  The exposed area 
amounts to about 20% of the original surface and its honeycomb-like  periodical structure can be scaled continuously 
by simply changing the NS size. In this work we used ion implantation through self-assembled NS mask to directly and 
regularly dope the silica substrate with metallic ions (Er or Au) or to reshape Au nanostructures deposited by 
sputtering within the holes of the NS mask to form a plasmonic 2D nano-array, whose optical properties can be tuned 
by controlling the irradiation parameters. 
 
[1] C. L. Haynes and Richard P. Van Duyne, J. Phys. Chem. B 105 (2001) 5599 
*2+ J. Jensen, M. Skupioskia, K. Hjorta and R. Sanz, Nucl. Instr. Methods in Physics Research Section B: Beam 
Interactions with Materials and Atoms 266 (2008) 3113. 
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Pengfei Zhai, Institute of Modern Physics, Chinese Academy of Sciences, CN 
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Günther Wagner, Max-Planck-Institut für Kernphysik (MPI), Heidelberg, DE 
 
keywords: Apatite;Swift-heavy ions;Track 
 
In natural minerals, fission fragments from spontaneous fission of the 

238
U isotope produce tracks. These particle 

tracks accumulate over time and are thus widely used for geological dating and thermochronological studies. In 
particular apatite minerals are intensively used for the fission-track-dating technique during the past forty years. 
Heavy ion beam irradiation experiments can simulate the effects of radioactive decay events in matter. In this work, 
single-crystals of Durango fluorapatite (Mexico) were exposed to Cr, Kr, Pb and U ions of specific energy 11.1 MeV/u 
provided by the linear accelerator of GSI, Darmstadt. The irradiations were performed at room temperature and at 8 
K, applying fluences between 1×10

10 
and 1×10

13 
ions/com

2
. The tracks on the sample surface were observed by 

scanning probe microscopy. The damage evolution produced along the ion trajectory was measured by Raman 
spectroscopy. A detailed analysis of polarized spectra along three crystal orientations of apatite will be presented as 
functions of ion fluences and ion energy losses. Evaluation of these spectra revealed that the crystal structure was 
changed by the heavy ion irradiation and ion-induced amorphization was observed. 
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Cluster ion impacts cause non-linear irradiation effects on sputtered atom, electron and secondary ion emission 
yields.  In this paper, we report a non-linear cluster effect on secondary ion emission yields of organic targets 
irradiated by carbon cluster ions Cn

+
 (n=1,8) with an energy of 0.5 MeV/atom.  C1

+
 and C8

+
, produced and accelerated 

by a tandem accelerator, were guided to the targets, and total emission yields of secondary ions were determined by 
measuring electric currents of incident ion beam and secondary ions using a Faraday cup and a secondary ion 
collector, respectively.  The emission yields of secondary ions per carbon atom depended strongly on the target 
materials.  Time-of-flight measurement of secondary ion was performed using pulsed C1

+
 and C8

+
 beams to identify the 

ion species and to compare their relative intensities for C8
+
 with those for C1

+
.  The relative intensities of some 

secondary ions were found to be different between C1
+
 and C8

+
 impacts although the primary ions of the same 

element bombard the same target with the same velocity.  We also compared the secondary ion emission yields 
between C8

+
 and heavy monoatomic ion impacts.  The possible origin of the non-linear effect of cluster ion impacts on 

the secondary ion emission yields will be discussed. 
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Modifications of the mechanical properties of cubic zirconia induced by swift heavy ion irradiation 
Gael SATTONNAY, University of Paris Sud, FR 
 
keywords: Swift heavy ions; Oxides; Mechanical properties 
 
The modifications of the mechanical properties of cubic yttria-stabilized zirconia (YSZ) induced by swift heavy ion 
irradiation are investigated in this work. Polycrystalline YSZ pellets were irradiated at room temperature with 940 MeV 
Pb ions at the GANIL accelerator in Caen at fluences ranging from 5×10

11
 to 4×10

13
 cm

-2
. The microhardness and the 

fracture toughness of irradiated YSZ were studied by Vickers micro-indentation, associated to scanning electron 
microscopy (SEM), and the structural modifications were monitored by X-ray diffraction (XRD). Although XRD results 
show that YSZ is damaged by irradiation, an apparent increase of the microhardness and of the fracture toughness 
with increasing ion fluence is observed. This apparent strengthening of YSZ is explained by residual compressive 
stresses induced in the surface layer by irradiation, which over-compensate the presence of radiation damage. After 
removing the stress effect, the toughness of YSZ clearly decreases with increasing ion fluence. Nevertheless, when the 
fluence is not too high (i.e. lower than 5×10

12
 cm

-2
), irradiation remains beneficial for industrial applications since the 

apparent fracture toughness is improved. Therefore, ion irradiation may be used for materials processing with the 
goal of creating a reinforced surface layer, with a depth which is controlled by the ion beam energy. Such a treatment 
is worth preventing surface cracking and is therefore recommended for tribological applications. 
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TEM observations of SrTiO3 irradiated by swift heavy ions under grazing incidence 
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Perovskite SrTiO3 is a paraelectric material having cubic symmetry at room temperature. It is one of the most studied 
materials due to its high importance in the microelectronics industry and its use in superconductors field. Titanate 
based perovskite are also proposed as possible host matrix for the immobilization of actinide and fission product

1
. It is 

thus very important to have a good knowledge of irradiation effects in such a material. Irradiation of SrTiO3 single 
crystals with swift heavy ions leads to modifications of the surface which have been studied in detail by atomic force 
microscopy

2
. We reported that the morphology of these modifications depends strongly on the angle of incidence. By 

using atomic force microscopy it is observed that at ᴆ = 6° irradiation slightly elongated hillocks occur. Whereas, if the 
angle is changed to ᴆ = 3°, round, almost evenly spaced, hillocks appear, which are still overlapping. However, at 
angles smaller that ᴆ = 3° the dots are clearly separated and the tracks look like pearls on a chain. The distance 
between individual hillocks depends on the angle of incidence. 
In the present investigation studies on SrTiO3 were carried out on commercially available single crystals with (100) 
orientation. Irradiation were carried out using Xe

23+
 ions with kinetic energies of 0.7MeV/A at room temperature with 

the ion beam facility IRRSUD of the GANIL, France. The angle of incidence with respect to the surface was varied 
between ᴆ = 1° and 3°. Irradiation at ᴆ = 90° was also carried out to characterize the track morphology in the bulk. 
The aim of the present investigation is to compare the surface track morphology with the volume track morphology. 
In order to do so, we use transmission electron microscopy. Detail of the track morphology will be discussed and 
compared to AFM data. 
 
References 
[1] W.J. Weber, R.C. Ewing, C.R.A. Catlow, T. Diaz de la Rubia, L.W. Hobbs, C. kinoshita, Hj. Matzke, A.T. Motta, M. 
nastasi, E.K.H. salje, E.R. Vance and S.J. Zinkle,  J. Mater, Res. 13 (1998) 1434 
[2]  E. Akcoltekin, T. Peters, R. Mayer, A. Duvenbeck, M. Klusmann, I. Monnet, H. Lebius and M. Schleberger, Nat. 
Nanotechnol. 2 (2007) 290 
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Fashen Li, Key Laboratory for Magnetism and Magnetic Materials of the Ministry of Education, Lanzhou University, 
Lanzhou 730000, China, CN 
 
keywords: Swift-Heavy Ions; Oxides: Ceramics 
 
Magnetite (Fe3O4) ferrite nanocrystal thin films with 1 μm in thickness were synthesized on glass substrates directly by 
electroless plating in aqueous solution at 90ᴈ. These films are of a single spinal phase with well-crystallized columnar 
grains growing perpendicularly to the substrates. The ion irradiation experiment was performed on the materials 
research terminal of the HIRFL-SSC (IMP, Lanzhou). In experiment, Fe3O4 ferrite thin films were irradiated at room 
temperature with 2.03 GeV Kr ions to a fluence in the range from 5×10

11
 to 1×10

13
 ions/cm

2
. Then the magnetic 

properties of samples were characterized by VSM, CEMS and SQUID, respectively. It was found that the macroscopic 
magnetic properties of samples are sensitive to the high energy Kr-ion irradiation. As the irradiation fluence increases, 
the value of saturation magnetization Ms decreases firstly, and then increases until nearly restored. The rule of 
variation of coercive force Hc is opposite to Ms. Combined with the microscopic magnetic measurement results 
(CEMS), it can be confirmed that occupancy distribution of the metallic cations in Fe3O4 thin films has changed 
significantly after the irradiation and the heavy ion irradiation could make the magnetic moments of the thin films 
ordered. Possible mechanism of modification on magnetic properties of Fe3O4 ferrite thin films under high energy Kr 
ion irradiations was discussed briefly. 
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Complete phase transformation in zirconia induced by very high electronic excitations 
Abdenacer Benyagoub, CIMAP (ex-CIRIL-GANIL), FR 
 
keywords: Swift-Heavy Ions; Oxides 
 
          It is now well established that the irradiation of pure zirconia (ZrO2) with swift heavy ions can lead to a 
transformation from the monoclinic to the tetragonal phase when the deposited electronic energy loss exceeds an 
effective threshold ~ 12 keV nm

-1
 [1]. Moreover, subsequent studies [2] involving various ion irradiations with 

electronic energy losses less than ~ 30 keV nm
-1

 evidenced that this phase transformation is characterized by two 
constant features: (i) it is driven by a double ion impact process, and (ii) it is never complete even at extremely high 
fluences. It is then quite interesting to check whether this phase transformation does not depart from this behaviour 
at very high electronic energy losses. For this purpose, zirconia was irradiated with 0.6 GeV Pb ions giving rise to an 
electronic energy loss ~ 42 keV nm

-1
 at the sample surface. Despite this huge value, the experimental data revealed 

that the phase change is here again still characterized by a double ion impact process. However, contrary to previous 
cases, it was found that this phase transformation not only occurs very rapidly but achieves full completion at rather 
low fluences. These results will be discussed in the light of recent developments in this research field. 
  
[1] Evidence of a phase transition induced in zirconia by high energy heavy ions; 
A. Benyagoub, F. Levesque, F. Couvreur, C. Gibert-Mougel, C. Dufour and E. Paumier, 
Appl. Phys. Lett. 77 (2000) 3197. 
[2] Mechanism of the monoclinic-to-tetragonal phase transition induced in zirconia and hafnia by swift heavy ions; 
A. Benyagoub, Phys. Rev. B 72 (2005) 094114. 
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keywords: Cluster Beams; Defects Production; Oxides; 
 
Au9

+
 cluster beams of energy between 20 and 150 keV/atom have been used to measure the secondary ion emission 

from amorphous silicon oxide. The targets are a-SiO2 layers thermally grown in dry oxygen on Si (100) wafers. The 
layer thicknesses between 1 and 20 nm were determined by ellipsometry measurements and surface morphology 
controlled by AFM observations. The negative secondary ions emitted under the impact of the Au9

+
 clusters were 

detected impact by impact using a time-of- flight mass spectrometer. At each Au9
+
 impact on the surface an intense 

emission of (SiO2)n
-
 and (SiO2)nO

-
 clusters was observed with a size distributions extending up to n=13. The emission 

yields of these cluster anions increase with incident energy and reach maximum values at ~100 keV/atom for oxide 
thicknesses larger than 2 nm. For thinner oxide layers, the increase of the emission yields with energy is smaller, as 
also observed for the emission yields of the (SiO2)nH

-
 and (SiO2)nOH

-
 clusters which originate from the uppermost 

surface layers. This result can be explained by the small variation of the nuclear energy loss of the Au
+
 ions in silica. In 

these cases, the major part of the collision cascades occurs in the silicon substrate. At a given energy the silica cluster 
yields increase with the thickness of the a-SiO2 layer up to a thickness value of 8 nm and then remain constant for 
thicker oxide layers. This value of 8 nm was obtained at all energies between 20 and 150 keV/atom. Crater structures 
induced by impact of the Au9

+ 
clusters on the SiO2 surfaces were measured with atomic force microscopy. The surface 

structures consist of a central crater and outer rim with mean diameters of 4 and 15 nm, respectively. 
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Pyrochlore (A2B2O7), an important fluorite-derivative structure, has received considerable attention because it is a 
potential material for the incorporation of actinides in nuclear waste forms and inert matrix fuels. In particular, 
zirconate pyrochlores (e.g., Gd2Zr2O7) have a remarkable resistance to radiation-induced amorphization. Ion-beam 
exposures of Gd2Zr2O7 at keV to GeV energies result in a disordering of the ordered pyrochlore to the defect-fluorite 
structure that remains crystalline even at extremely high fluences. In the present study, the exceptional energy 
density of 12-MeV C60 clusters created tracks with substantial volumes of amorphous material, accompanied by the 
formation of nanocrystals of the disordered, defect-fluorite structure. This is the first experimental evidence of 
irradiation-induced amorphization of Gd2Zr2O7. Additionally, droplet-like surface "hillocks" (amorphous and defect-
fluorite) were imaged by cross-sectional transmission electron microscopy. These "hillocks" originate from a liquid-like 
phase in the tracks created by the C60 clusters. In contrast, irradiation with swift U ions resulted in an order-disorder 
transformation to the defect-fluorite without any evidence of amorphization. Similar surface hillocks (defect-fluorite) 
were also observed for the U irradiation, but their size was significantly smaller as compared with the C60 clusters. 
Thermal-spike calculations highlight the importance of the deposited energy density of C60 clusters, which is controlled 
by the energy loss and velocity of the projectiles. 
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In our previous work [1] we have evidenced, using RBS-C, two effects in the aluminium sublattice of sapphire 
irradiated with 90.3 MeV xenon ions: partial disorder creation that saturates at ~ 40% followed above a fluence 
threshold by a highly disordered layer extending progressively from surface towards depth. In this work, RBS-C 
analysis of the oxygen sublattice shows only one regime of partial disorder creation saturating at ~60%, in tracks with 
section double of that of the aluminium sublattice. We have found by means of x-ray diffraction that lattice strain 
increases with fluence until a maximum is reached about 7.5 ´ 10

12
 ions/cm². For higher fluences the strain first 

decreases, indicating small stress relaxation in the material, and remains constant afterwards. This stress relaxation is 
related to the aluminium sublattice high disorder creation. A correlation between the lattice strain, the swelling step 
height and the oxygen sublattice disorder fraction, in the beginning of irradiation, is also found, indicating that the 
volume expansion resulting from the creation of radiation damage (defects and disordered regions) is linked to the 
increase of the lattice parameter.   
  
[1] A. Kabir, A. Meftah, J. P. Stoquert, M. Toulemonde, I. Monnet, Nucl. Instr. Meth. B 266 (2008) 2976-2980 
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Gas cluster ions are aggregates of gaseous atoms or molecules. Although the energy per atoms or molecules is very 
small (several eV), the energy density at bombarded area becomes extremely high in a few picoseconds. Therefore, 
chemical reactions near the surface by gas cluster ion bombardment are enhanced. Recently, oxygen or nitrogen gas 
cluster ion beams (O2, N2-GCIB) have been used for surface treatment of various materials. However, the irradiation 
effects of O2 or N2-GCIB are not clear because their cluster sizes were not controlled in the previous studies. Since the 
energy/atom or molecule is one of the most important parameters in the GCIB irradiations, GCIB without size-control 
leads to wide distribution of the energy/atom or molecules. In this study, size-controlled O2 and N2-GCIB irradiations 
were carried out on Si, diamond like carbon (DLC) and magnetic materials. After irradiations, irradiated surface was 
analyzed using an atomic force microscope (AFM), an X-ray photoelectron spectroscopy (XPS), a Fourier transform 
infrared spectroscopy (FTIR) and a spectroscopic ellipsometry. From the XPS and spectroscopic ellipsometry studies, 
there is a threshold-energy of silicon dioxide formation by O2-GCIB around 1 eV/molecule at the total acceleration 
energy of 5 keV. Although the eV/molecule is extremely low, the energy deposited on the surface was several keV, 
which causes chemical reaction enhancement or densification of the surface layer. Recently in-situ XPS analysis 
system equipped with a GCIB gun was developed, which allows us to study the chemical reaction using reactive GCIB 
without oxidation in the air. In this study, relationship between the surface reactions and the energy/atom of O2 or N2-
GCIB will be discussed. 
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Recent studies have showed that gas cluster ion beams (GCIB) can planarize line and space patterns very efficiently. 
Therefore, GCIB is expected to be used as surface modification tools for various materials, such as semiconductor, 
magnetic materials and insulators. However, GCIB sometimes induces tiny asperity formation due to its dense energy 
deposition and chemical reaction enhancement. In this study, GCIB irradiation conditions of planarizion were 
optimized to reduce these tiny asperity formations. In this work, line and space patterns were created on amorphous 
carbon films, and subsequently, GCIB irradiations on the patterned surfaces were carried out at various incident 
angles and with various species of gas (inert and reactive gases). After GCIB irradiations, surface morphology and 
cross-sectional structure were observed using an AFM and a TEM. When the incident angle of Ar-GCIB was 54 degree, 
the line and space patterns having 200 nm periods were not removed. In fact, the lines were sharpened. In the case of 
incident angle of 77 degree, the line and space patterns were planarized without tiny asperity formation. Although the 
surface was modified, there were no damages in the lower layer. Surface structure was removed very efficiently using 
oblique incidence GCIB. When the source gas changed from inert gas (Ar) to reactive gas such as O2 or N2, increase of 
the etching rate or reduction of asperity formation were observed. Optimization of GCIB irradiation conditions for 
various materials will be also reported. 
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Nikita Medvedev, Technical University of Kaiserslautern and OPTIMAS Research Center, DE 
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Baerbel Rethfeld, Technical University of Kaiserslautern and OPTIMAS Research Center, DE 
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Swift heavy ions (SHI) with energies more than ~ 1 MeV/u and masses heavier than 20 proton masses make structural 
modifications in a nanometric vicinity of their trajectories in insulators. Penetrating the solid, a SHI loses its energy 
mostly by excitation of the electronic subsystem of the material: the electronic stopping of such projectiles is higher 
than ~ 2 keV/nm and a radiation damage produced by elastic collisions is at least two orders of magnitude lower. 
Therefore, the observed structural modifications in SHI tracks take place as a result of the subsequent energy 
exchange between excited electronic subsystem and the lattice. 
Difficulties of applications of macroscopic models to description of the kinetics of the excited electronic subsystem 
and ultrafast heating of lattice in swift heavy ion tracks, reported in earlier works, are connected with a 
nonequilibrium situation caused by a strong spatial anisotropy, nanometric spatial and subpicosecond timescales. 
Here we investigate theoretically the modification of material after irradiation with swift heavy ions, applying a 
combination of Monte-Carlo method (MC), used to describe SHI penetration and following excitation and relaxation of 
the electronic subsystem, with Two Temperature Model (TTM) describing the heating of the lattice. 
This MC-TTM combination allows us to find limits of validity of TTM, and to calculate initial conditions for the 
electronic and atomic subsystems for further modeling. It was found that secondary ionizations play a very important 
role being described with an additional term in a heat diffusion equation related to holes and energy stored in them. 
This storage of energy causes a significant delay of heating and prolongs the timescales up to picoseconds, the 
characteristic time of electron-hole recombination. The solution of MC-TTM shows three regions of the track, 
characterized by different governing physical processes. 
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Study of swift heavy ion irradiation effect on indium tin oxide coated electrode for the dye-sensitized solar cell 
application 
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Our long term objective is to study the swift heavy ion (SHI) irradiation effect on photoanode of dye-sensitized solar 
cell (DSSC) with the aim to (i) investigate the stability of DSSC component in space irradiation and (ii) possibility of 
improvement in efficiency of DSSC due to ion induced effects in oxide and dye layer. The photoanode of DSSC consists 
of 3 layers such as a transparent conducting oxide (TCO), porous oxides having wide band gap and monolayer of dye 
on top of corning glass substrate respectively. Since first layer of photoanode on corning glass is Indium Tin Oxide 
(ITO), so the present study reported about SHI irradiation effect on ITO. The ITO samples were irradiated using 110 
MeV Ni

8+ 
ions at different fluences ranging from 3.0 x 10

11
ion/cm

2
 to 1.0x10

14 
ion/cm

2
. After irradiation significant 

changes have been observed in surface morphology and crystallographic structure using atomic force microscope 
(AFM) and X-ray diffraction (XRD) measurement respectively. Overall we observed 5 to 10 % increase in optical 
transmittance at higher fluences which are favorable and moderate increase in sheet resistance which is still within 
acceptable limits of DSSC applications. We have also deposited TiO2 thin films on simple glass substrates by sol-gel 
method and effect of SHI irradiation is under investigations. 
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Recrystallization of amorphous layers and tracks generated in lithium niobate by swift-ion beam irradiation 
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Ion irradiation with high energy heavy ions is a well known method to produce latent amorphous tracks in LiNbO3 and 
other crystals, by means of the electronic damage. Most previous work was performed with swift heavy ions in the 
range of 1-10 MeV/amu [1, 2]. Recently the interest of this electronic damage has been expanded to use the low 
energy region of 0.1-1 MeV/amu (even benefiting somehow of the velocity effect) showing the possibility of producing 
from (micrometer length) isolated latent tracks to homogeneous amorphous layers by track overlapping. This has 
been used to develope a new route for the fabrication of optical waveguides [3, 4] with fluences several orders of 
magnitude lower than the standard method based on nuclear damage with ligh ion implantation. 
Here we present a study of the recrystallization properties of the amorphous tracks submitted to annealing 
treatments. This study is interesting both from the fundamental point of view and with the aim of optimizing and 
tayloring the optical waveguides. LiNbO3 X- and Z-cut was irradiated at RT with Br 45 MeV ions to produce latent 
tracks and with F 20 Mev ions to generate buried amorphous layers. Annealing was performed at several 
temperatures in the range 250-350 ºC and for various times. The damage evolution was characterised by RBS-c 
measurements and optical measurements (reflectance, transmitance and guide modes). The activation energy of the 
recrystallization process has been obtained and is discussed in terms of local reordering and epitaxial regrowth.   
  
[1] M. Toulemonde, W. Assman, C. Dufour, A. Meftah, F. Studer, and C. Trautmann, in: Ion Beam Science: Solved and 
Unsolved Problems, edited by P. Sigmund, (The Royal Danish Academy of Sciences and Letters, Copenhagen, 2006), 
p. 263. 
 [2] B. Canut, S. M. M. Ramos, R. Brenier, P. Thevenard, J. L. Loubet, and M. Toulemonde, Nucl. Instrum. Meth. Phys. 
Res. B 107, 194 (1996). 
[3] J. Olivares, G. García, A. García-Navarro, F. Agulló-López, O. Caballero and A. García-Cabañes, Appl. Phys. Lett. 86, 
183501 (2005) 
[4] J. Olivares, A. García-Navarro, G. García, A. Méndez and F. Agulló-López, Appl. Phys. Lett. 89, 071923 (2006) 
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Damage formation in rutile TiO2 by swift heavy ion irradiation: Analysis with a non-radiative exciton decay model. 
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In the last few years, there has been a great interest to investigate the damage caused by MeV ion irradiation of 
titanium dioxide (TiO2) rutile single crystals.  Previous experiments have revealed that interesting micro- and nano-
patterns can be produced on rutile following irradiation through self-assembled masks and subsequent wet etching

 

[1].   
Recently, a non-radiative exciton decay model [2, 3] has been satisfactorily applied to describe the damage and 
amorphization induced by swift heavy ions irradiation of congruent LiNbO3. The model considers the formation and 
localization of coupled electron-hole pairs (excitons) and their non-radiative decay under the high-temperature 
conditions (thermal spike) prevailing after every ion impact. In fact, it is assumed that a certain energy barrier ε has to 
be overcome to go from the bound to the dissociative regions of the excited exciton state in a configurational 
coordinate diagram. It is believed that the model may have general validity and could thus also be applied to other 
oxides. 
In this work we have used the model to describe the damage induced in rutile TiO2 single crystals after irradiation with 
Br ions at various energies (13 MeV and 25 MeV) with electronic stopping powers at the surface of 7 and 11 keV/nm 
respectively. In order to investigate the damage and amorphization levels, the irradiated samples have been 
characterized by Rutherford backscattering spectroscopy in channeling geometry (RBS/C) and optical reflectivity. At 
low ion fluences the generated latent tracks are not overlapping and the crystal behaves as an effective medium with 
an average refractive index lower than that of the virgin crystal. Above a certain fluence the latent tracks completely 
overlap yielding a homogeneous amorphous top layer on the crystalline sample giving fully random scattering and 
thus, the corresponding interference profile. The thickness of the amorphous layer monotonically increases with 
fluence. The experimental data can be reasonably described within the exciton model using a barrier energy ε = 0.4 eV 
and an amorphization threshold of 6 keV /nm, confirming the generality of the theoretical scheme.   
 
 [1] M. Supinski, K. Hjort, R. Sanz and J. Jensen, Nucl. Instrum. Meth. Phys. Res. 266, 3113 (2008) 
[2] F. Agulló-López, A. Méndez, G. García, J. Olivares and J. M. Cabrera, Phys. Rev. B74, 174109 (2006) 
[3] A. Rivera, A. Mendez, G. García, J. Olivares, J.M. Cabrera, F. Agulló-López, J. Lumin.128, 703 (2008)  
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Wurtzite undoped GaN epilayers (0001) was implanted with 500 kev Au+ ions at room temperature under different 
fluence respectively. Ion implantation was performed through photoresist masks on GaN to produce alternating strips. 
The experimental results showed that the step height of swelling and decomposition in implanted GaN depended on 
ion fluence and annealing temperature, i.e., damage level and its evolution. This damage evolution is contributed to 
irradiation-induced defect production, and defect migration/accumulation occurred at different levels of displacement 
per atom. The results suggest that the swelling is due to the formation of porous structures in the amorphous region 
of implanted GaN. The decomposition of implanted area can be attributed to the disorder saturation and the diffusion 
of surface amorphous layer. It was investigated that the wet etching of GaN was enhanced after samples implanted. 
The swelling step height disappeared, and the etched pits in the irradiated area were visible. The implanted GaN area 
could be completely taken out after definite time etched, which suggests an approach for fabricating of GaN devices. 
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Raman Investigation of N-doped ZnO Films after 2.03 GeV Kr-ion irradiation 
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Y. Zhu, Institute of Modern Physics, CN 
 
keywords: Defects Production; Oxides 
 
Zinc oxide (ZnO) films were deposited on (100) silicon substrate by radio frequency magnetron sputtering. These films 
were firstly implanted at room temperature (RT) with 80 keV N-ions to 5.0×10

14
, 5.0×10

15
 or 5.0×10

16
 N/cm

2
, and then 

irradiated at RT with 2.03 GeV Kr-ions to 1.0×10
12

, 5.0×10
12

 or 1.0×10
13

 Kr/cm
2
, respectively. All the samples were 

investigated at RT by Raman measurements. The obtained results showed that two specific peaks, an E2 (low) peak at 
98 cm

−1
 and an E2 (high) peak at 437 cm

−1
, appeared in the as-grown ZnO film. After N implantation, two additional 

Raman modes at 275 and 578 cm
−1

 were observed. According to J.B.Wang’s report 
[1]

, the 275 cm
−1

 mode is attributed 
to vibration of Zn atoms and the mode at 578 cm

−1
 is due to the density of phonon states of the high-energy phonon 

branch. The intensities of the observed additional Raman modes increased with the increasing of the implantation 
fluence. After Kr-ion irradiation, the E2 and two additional Raman modes varied with increasing the Kr-ion irradiation 
fluence. At the same N-ion implantation fluence, the area ratios of peak (275 cm

−1
) tpeak (E2 low) were decreased 

firstly and increased finally with increasing the Kr-ion irradiation fluence. Possible mechanism of the effect induced by 
N-ion implantation and Kr-ion irradiation was discussed. 
 
Reference: 
[1] J. B. Wang, H. M. Zhong, Z. F. Li, and Wei Lu, Appl. Phys. Lett., 88, 101913(2006)  
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The M-Branch, a new UNILAC irradiation facility at GSI providing in-situ analytical techniques for materials research 
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The new M-branch at the UNILAC of GSI is devoted to materials research experiments with swift heavy ions up to 
uranium and maximum energy 11.4 MeV per nucleon. The three new beamlines are equipped with the following 
analytical techniques for on-line and in-situ monitoring of beam-induced modifications. 
Beamline M1 is connected to a high-resolution scanning electron microscope housing a 5-axes motorised eucentric 
sample stage which allows the irradiation under various ion beam incidence and of a rotating specimen. For imaging, 
the stage is tilted into the electron beam without exposing the irradiated sample to air. 
Beamline M2 is equipped with a standard 4-circle x-ray diffractometer (Cu-Ka) and a position sensitive detector 

(simultaneous measurement of 2q  = 2º). Investigation under any angle of incidence enables the quantitative analysis 
of structural modifications such as amorphisation or other phase transitions, internal stresses, and textural changes. 
At beamline M3, irradiations at high (up to 900°C) and cryo temperature are possible. In addition, several state-of-the-
art techniques provide in-situ analysis on-line or during beam-stops. The methods available include, e.g., residual gas 
analysis, infrared and UV/Vis spectroscopy, laser reflectrometry for stress measurements, and luminescence 
spectrometry. 
The experimental equipment has been built up in collaboration with six universities (Darmstadt, Dresden, Göttingen, 
Heidelberg, Jena, and Stuttgart), and the Helmholtz Centre Berlin. 
 
 


