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 O1 | Positronium for antihydrogen production in the AEGIS experiment 
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e-mail: giovanni.consolati@polimi.it 
 
 The primary goal of the AEGIS collaboration (Antihydrogen Experiment: Gravity, 
Interferometry, Spectroscopy) is to measure for the first time precisely the gravitational 
acceleration of antihydrogen, �*%�á��a fundamental issue of contemporary physics, using a beam 
of antiatoms. Indeed, although indirect arguments have been raised against a different 
acceleration of antimatter with respect to matter, nevertheless some attempts to formulate 
quantum theories of gravity, or to unify gravity with the other forces consider the possibility 
of a non-identical gravitational interaction between matter and antimatter. 
We plan to generate �*% through a charge-exchange reaction: 
 

Ps* + �L�§ �:�� �*%* + e- 
 
between excited Ps and antiprotons coming from the Antiproton Decelerator facility at 
CERN. This reaction offers the advantage to produce sufficiently cold antihydrogen to make 
feasible a measurement of gravitational acceleration with reasonable uncertainty (of the order 
of 1%). Since the cross section of the above reaction increases with n4, n being the principal 
quantum number of Ps, it is essential to generate Ps in a highly excited (Rydberg) state. This 
will occur by means of two laser excitations of Ps emitted from a nanoporous silica target: a 
first UV laser (at 205 nm) will bring Ps from the ground to the n = 3 state; a second laser 
pulse (tunable in the range 1650-1700 nm) will excite Ps to the final state. We recently 
demonstrated both steps of this process [1].  
The present paper gives an overview of the AEGIS experiment, describes its current status  
and discusses how its first goal is thought to be achieved. 
 
 
[1] S. Aghion et al. (AEGIS collaboration), Phys. Rev. A94, 012507 (2016) 
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Studies of the interaction of polarized light or particles (including electrons, e�±, or 
positrons, e+) with asymmetric forms of matter has been of interest to scientists since the 
discovery of chirality and of particle physics. Researchers have been interested in e+ 
interactions with chiral molecules for decades, but with indecisive results [e.g. 1, 2]. After 
reviewing the field, we speculated that the e+ or positronium (Ps) might interact differently 
with chiral pairs of large enantiomeric single crystals�² i.e. LH and RH asymmetric forms�²
and found significant diff�H�U�H�Q�F�H�V���L�Q���³�I�U�H�H���S�R�V�L�W�U�R�Q�´���D�Q�Q�L�K�L�O�D�W�L�R�Q���D�Q�G���L�Q�W�H�Q�V�L�W�L�H�V in evaluating L 
and R quartz crystals [3]. To extend this line of research we crystallized large D- and L-
alanine crystals and performed PALS measurements using a Na-22 positron source. 
 Alanine crystals were obtained via slow evaporation of water in a Dewar, or from 
water/acetone solvent in a temperature-controlled environment (Fig. 1). These methods 
resulted in small (~0.5 cm3) or large (> 1.0 cm/side) crystals, respectively. Intensity (I2) 
results from LH and RH crystals were different in PALS analysis (e.g. Fig. 1, right). Aspects 
of asymmetric crystals, stereo-recognition, and stereo-selection will be discussed, as well as 
prior positron experiments with asymmetric forms of matter. The result here may be 
considered a follow-up study and extension of early work by Garay, et al. [4], Rich [5], and 
others over the years investigating the PAS of D- and L-amino acids. 
 

  
Fig.1. Examples of large L- and D-alanine crystals. MELT analysis of PALS data for small (~0.5 cm) 
L- and D-alanine crystals. 
 
 
[1] Y.C. Jean and H.J. Ache. J. Phys. Chem. 81, 1157 (1976) 
[2] L. Chiari, A. Zecca, S. Girardi, A. Defant, F. Wang, X.G. Ma, M. V. Perkins and M.J. Brunger, Phys. Rev. A, 

85, 052711 (2012) 
[3] J.D. Van Horn, F. Wu, G. Corsiglia and Y.C. Jean, Defect. Diffus. Forum. 373, 221 (2016) 
[4] A.S. Garay, L. Keszthekyi, I. Demeter and P. Hrasko, Nature 250, 332 (1974) 
[5] A. Rich, Nature 264, 482 (1976) 
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Development of medical imaging techniques based on positron annihilation [1] 
triggered a renewed interest in fundamental studies of positron scattering by organic 
molecules. Such studies require the complementary information from different research fields. 
On the one hand an accurate experimental characterization of positron behavior in condensed 
matter is necessary in order to grasp a main features of positron collective interaction with 
dense molecular environment. On the other hand the knowledge about the basic interactions 
occurring on molecular scale over a wide energy range is indispensible for modeling 
purposes. In particular the scattering cross section, measured in the gas-phase conditions, are 
required as inputs for modeling codes [2]. In this context, experimental and theoretical total 
positron scattering and positronium formation cross sections from organic molecules are 
necessary.  
 The aim of this work is twofold. Firstly, we re-discuss main problems related with the 
determination of positron scattering and positronium formation cross-sections for gas-phase 
molecules [3]. Examples of benzene, cyclohexane and methanol are given. Some semi-
empirical analysis of scattering cross-sections below Ps formation is presented [4]. Secondly, 
we report the positron lifetime measurements in liquid-phase of these three molecules as a 
function of both temperature and air content. Air presence changes significantly the value of 
the third component; surprisingly we observed little influence on the intensity of this 
component. 
 
 
[1] N. G. Sharma et al., J. Chem. Pharm. Sci., Special Issue 4, 927 (2016) 
[2] F. Blanco et al., J. Phys. B: At. Mol. Opt. Phys. 49, 145001 (2016) 
[3] G.P. Karwasz, D. Pliszka, R.S. Brusa, C. Perazzolli, A. Zecca, Acta Phys. Pol. 107, 666 (2005)  
[4] K. Fedus, Phys. Scr. 89, 1 (2014) 
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 O4 | To the positronium formation in liquids 
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Moscow, Russia 
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*e-mail:  stepanov@itep.ru 
 
 We describe the e+ fate since its injection into a molecular liquid until its annihilation. 
Several stages are discussed [1-3]:  
 1) track structure of fast positrons: time and range of ionization slowing down, number 
of produced ion-electron pairs, thermalization, solvation, chemical interactions between e+ 
and its blob reactants, e+ escape from the blob; influence of electric field 
 2) effect of local heating of the e+ blob;  
 3) positronium formation in liquids. Precursors of the Ps atom (eqf, eloc, esolv). 
Quasifree Ps state. Can Ps dissociate into e+ and e- ?  
 4) Ps bubble models. Internal energy of e+e- pair as a driving force of Ps formation 
���³�Qon-point�  ́positronium). 
 5) intratrack diffusion-controlled reactions: Ps oxidation by chemically active 
radiolytic products.  
 
 
[1] S.V. Stepanov, V.M. Byakov, D.S. Zvezhinskiy et al., Advances in Physical Chemistry, 2012, Article ID 

431962, (2012)  
[2] S.V. Stepanov, V.M. Byakov, G. Duplatre, D.S. Zvezhinskiy, P.S. Stepanov, A.G. Zaluzhnyi  Journal of 

Physics: Conference Series,  618, 012003, (2015)  
[3] S.V. Stepanov, V.M. Byakov, D.S. Zvezhinskiy, G. Duplatre  Defect and Diffusion Forum, 373, pp.17-22, 

(2017)  
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 O5 | Ortho-Positronium annihilation in room temperature ionic liquids 
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The longest annihilation lifetime component is caused by the pick-off annihilation 
process of triplet Positronium (Ps) i.e. ortho-Positronium(o-Ps) in insulating materials.  Ps 
creates a bubble in liquids because of negative work function of Ps and localize in it. The size 
of the bubble is controlled by the balance between zero point energy of Ps and energies of 
volume and surface of the bubble. Therefore, there is a good correlation between o-Ps pick-
off annihilation rates and surface tension for many liquids [1]. Furthermore Tao-Eldrup model 
gives relation between bubble sizes and o-Ps pick-off annihilation rates in many liquids [2]. 

The positron annihilation lifetime measurements in RTILs showed very strange results 
[3]. Finally, positron annihilation age-momentum correlation (AMOC) measurements 
indicated that it was caused by slow bubble formation in RTILs [4]. Then I discovered the 
oscillation of o-Ps annihilation rates in room temperature ionic liquids (RTILs) which 
indicated, probably, the oscillation of the Ps bubble [5, 6]. Stepanov et al. [7] calculated 
change of the bubble size in many liquids and the oscillation of the bubble was not expected 
except for a liquid He. It means that the structure of RTILs in nanometer scale is very 
different from usual liquids. Moreover, o-Ps pick-off annihilation rates seems to be too small 
for the macroscopic surface tension of RTILs.  

I am going to discuss what you can study by the positron annihilation methods for the 
structure of RTILs in nanometer scale. 
 

This research was partially supported by a Ministry of Education, Culture, Sports, 
Science and Technology Grant-in-Aid for Scientific Research (C) 16K05026, 2016-2018. 
 
   
[1] S. J. Tao, J. Chem. Phys. 56 (1972) 5499 
[2] M. Eldrup, D. Lightbody, and J. N. Sherwood, Chem. Phys., 63 (1981) 51. 
[3] T. Hirade, Materials Science Forum, 607 (2009) 232-234 
[4] T. Hirade, T. Oka, Journal of Physics: Conference Series 443 (2013) 012060 
[5] T. Hirade, JJAP Conf. Proc. (2014) 011003 
[6] T. Hirade, Journal of Physics: Conference Series 618 (2015) 012004 
[7] S. V. Stepanov, M. K. Mikhin, D. S. Zvezhinskii, V. M. Byakov, Radi. Phys. Chem. 76 (2007)  275 
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 O6 | Collision between two atoms including Positronium and Muonium 
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Recently Ray [1-5] has solved a four-body Coulomb problem exactly in the 
center of mass frame and introduced two new codes: the SEM and the MSEM to study 
cold-atomic collision following a coupled-channel methodology. The SEM include the 
non-adiabatic short-range effect due to electron exchange. The MSEM include the 
effect due to long-range van der Waals interaction in addition to the short-range non-
adiabatic effect. Both these effects dominate at cold energies. The SEM code is applied 
to study the Ps-H, Ps-Ps, Ps-Mu, Ps-D, Ps-T, Mu-Mu, Mu-H, Mu-D, Mu-T, H-H, H-D, 
H-T, D-D, D-T and T-T systems. Here Ps, Mu, H, D, T symbolize the Positronium, 
Muonium, Hydrogen, Deuterium and Tritium respectively. The MSEM code was used 
to study the variation of scattering length with the variation of the strength of attractive 
long-range van der Waals interaction controlling the minimum interatomic distances 
(R0) as 2a0, 3a0, 4a0, 5a0, 6a0, 7a0, 8a0, 9a0, 10a0, 11a0, 12a0, 15a0, 20a0. The systems 
studied were Ps-H [1] and H-H [5]. It was found that at larger interatomic distances 
e.g. at R0=20a0, the MSEM and SEM data nearly coincide. In the present study, I 
reinvestigate thoroughly both the codes and reproduced exactly the same data to 
strengthen the earlier findings. Figures 1 and 2, briefly describe the results. 

 

 

  

 

 

 

 

 

 

 

 

 
 
[1] H. Ray, Pramana J. Phys. 83, 907 (2014). 
[2] H. Ray and R. De, J. Phys. B Conferenc Series 618, 012008 (2015). 
[3] H. Ray and A. De, J. Phys. B Conference Series 388, 122002 (2012). 
[4] H. Ray, Pramana J. Physics, 86, 1077 (2016). 
[5] H. Ray, Pramana J. Phys. Rapid communication 87, 8 (2016). 
  

Fig.2. Dependence of scattering length on 
the strength of  van der Waals  interaction. 

Fig.1. Dependence of scattering length on   
reduced mass of the system. 
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 The positron, which is the anti-particle of the electron, is now widely used in both 
scientific and technological areas. The detail mechanism of such processes, however, are still 
unclear in the molecular level. A positron affinity (PA) value, which is a binding energy of a 
positron to an atom or molecule, has now been experimentally measured by Surko and co-
workers for many molecular species [1], based on the vibrational Feshbach resonance by 
incident low-energy positrons. Thus, in order to elucidate the mechanism of the positron 
binding to molecules, the theoretical analysis including the effect of molecular vibrations is 
indispensable. 

 In this study, we will show the effect of molecular vibrations on positron affinities, based on 
ab initio multi-component quantum Monte Carlo (QMC) [2] and molecular orbital (MCMO) [3, 4] 
methods for the electronic and positronic wave functions simultaneously, and the anharmonic 
vibrational state theory using quantum Monte Carlo (QMC) method [5, 6]. In the case of 
formaldehyde (CH2O) molecule, the vertical PA value at the equilibrium position is predicted as 
+25(3) meV with QMC calculation. Applying the anharmonic vibrational analysis, the vibrational 
excitation of the C=O stretching mode drastically enhances the PA value, whereas the excitation of 
CH2 rocking mode deenhances it. We confirmed that such PA variations arise from the change in both 
permanent dipole moment and dipole-polarizability at each vibrational excited state. Our most 
accurate prediction of the vibrational averaged PA values at the fundamental and overtone states are 
31 and 36 meV, respectively, which strongly supports the conclusion that a positron can bind to 
formaldehyde [6]. We would like to also show some application of the positron-binding to large 
BIOmolecules such as amino acids [7] and DNA species [8]. 
 
 
References 
[1] G. F. Gribakin, J. A. Young, and C. M. Surko, Rev. Mod. Phys. 82, 2557 (2010), J. R. Danielson, J. J. 

Gosselin, and C. M. Surko, Phys. Rev. Lett. 104, 233201 (2010), J. R. Danielson, A. C. L. Jones, M. R. 
Natisin, and C. M. Surko, Phys. Rev. Lett. 109, 113201 (2012).  

[2] Y. Kita, R. Maezono, MT, M. Towler, R. J. Needs, J. Chem. Phys. 131, 134310 (2009), 135, 054108 (2011).  
[3] MT, R. J. Buenker, M. Kimura, J. Chem. Phys. 119, 5005 (2003).   
[4] MT, Y. Kita, R. J. Buenker, Phys. Chem. Chem. Phys. 13, 2701 (2011), New J. Phys. 14, 035004 (2012).  
[5] K. Koyanagi, Y. Takeda, T. Oyamada, Y. Kita, MT, Phys. Chem. Chem. Phys. 15, 16208 (2013), Y. Kita and 

MT, Eur. Phys. J. D 68, 116 (2014).  
[6] Y. Yamada, YK, MT, Phys. Rev. A 89, 062711 (2014). 
[6] K. Koyanagi, Y. Kita, and MT, Eur. Phys. J. D, 66, 121 (7pages) (2012), Y. Oba and MT, Int. J. Quant. 

Chem. 114, 1146-1149 (2014). 
[7] K. Koyanagi, Y. Kita, Y. Shigeta, and MT, ChemPhysChem (Communication), 14, 3458-3462 (2013). 
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Positron Annihilation based experimental techniques, in particular Lifetime 
Spectroscopy (PALS) is now a unique, versatile and well-established tool for direct 
evaluations of the local free volumes and associated physical/chemical phenomena in glassy 
matrices. The local free volume in glass forming matter, consists of a large number of sub-
nanometre sized open volume �³elements�  ́���R�I�W�H�Q���U�H�I�H�U�U�H�G���W�R���D�V���³�K�R�O�H�V�´�����Z�K�L�F�K���Q�D�W�X�U�D�O�O�\���H�[�L�V�W��
in these materials due to their irregular molecular packing, density fluctuations and 
topological constraints [1]. The free volume plays a crucial role on molecular mobility and, 
thus, on �U�H�O�D�W�H�G�� �P�D�W�H�U�L�D�O�� �S�U�R�S�H�U�W�L�H�V�� �V�X�F�K�� �D�V�� �G�L�I�I�X�V�L�R�Q�� ���V�H�O�I�� �R�U�� �R�I�� �µ�L�Q�J�U�H�V�V�L�Q�J�� �P�R�O�H�F�X�O�H�V�¶������ �W�K�H��
glass transition, mechanical strength and a diverse range of other physical behaviour [2]. Over 
the past decade, we and many other groups have successfully used PALS, in conjunction with 
more traditional experimental techniques, to study a range of practical implications of the free 
volume in polymers and related materials for a wide range of industrial applications.  

So far, much of the studies have concentrated on bulk properties using radio-isotope 
positron sources with considerable success. This will form the main basis of this presentation. 
However, there is ample room to investigate practical �D�S�S�O�L�F�D�W�L�R�Q�V���L�Q�Y�R�O�Y�L�Q�J���µ�J�O�D�V�V���W�U�D�Q�V�L�W�L�R�Q�¶��
behaviour in confined geometries such as in thin films, porous media or at surfaces and 
interfaces which will be touched upon in the presentation. We propose �W�R�� �J�L�Y�H�� �D�� �µ�V�H�O�H�F�W�L�Y�H�¶��
overview of the above activities in recent years. The talk would concentrate on relevant work 
of the Bristol positron group in this area [3] along with a brief sketch of other similar 
activities within the positron community. We shall also speculate about avenues of possible 
future direction(s). 
 
 
[1] Y. C. Jean, P. E. Mallon and D. E. Schrader Principles and Applications of Positron and   
      Positronium Chemistry, World Scientific (2003). 
[2] G. Dlubek, in Polymer Physics: From Suspensions to Nanocomposites and Beyond, eds.  
     L.A. Utracki and A.M. Jamieson, John Wiley & Sons (2011) 
[3] Bristol Group and collaborators: Biomacromolecules, 11, 3237 (2010), New J. Phys. 14,  
    035016 (2012), Energy & Env. Sci, 5, 8359 (2012), Polymer, 55, 6827 (2014), New J. Phys, 
     16, 103030 (2014), Carbohydrate Pol., 102, 566 (2014), Biomacromolecules, 16, 1784   
     (2015), Food Hydrocolloids, 58, 75 (2016), Food Hydrocolloids, 58, 316 (2016). 
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 The PALS technique (Positron Annihilation Lifetime Spectroscopy) is used to 
determine the phase transitions points in the matter (organics, polymers, glasses). Until now it 
was generally accepted to present and analysis the changes of the spectra parameters 
(especially the lifetime and the intensity of o-Ps) as a function of external factors, e.g. 
temperature and pressure, which is correlated with the phase transitions occurring in the 
medium. We propose a different, new approach in the presentation and analysis of the results, 
which �± as we show �± brings important information about the nature of the phase transitions 
and gives new look at the distinguishing of phases in organic compounds. We have found a 
general trends in o-Ps parameters closely related to the crystallographic structure in groups of 
compounds based on the figure in the coordinates (I3�����23). We propose to include (join) such a 
presentation of the results to the standard demonstrated in the papers dependencies. 
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isothiocyanatobiphenyl (6TCB) 
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 Positron annihilation lifetime spectroscopy (PALS) has been employed for 
characterization of the local structure in molecular substances such as polymers or liquid 
crystals. For many liquid crystal forming materials the sensitivity of the positron annihilation 
parameters to phase transformations has been demonstrated. In such materials not only local 
microstructure but also molecular dynamics can influence the Ps lifetime and its intensity as it 
was demonstrated in our studies of supercooled smectic E (SmE) phase of 4TCB [1,2]. The 
obtained value of o-Ps for 4TCB can be explained by formation of Ps bubbles due to a liquid-
like state of the butyl chains molecules in the SmE phase and the lamellar structure with nano-
segregation of alkyl chains and other parts of molecules proposed by Saito et al. [3].  

The present studies were performed for the other member of the nTCB homologous 
series, i.e. 6TCB. The obtained temperature dependencies of the o-Ps lifetime and its intensity 
for the supercooled SmE phase indicate two processes taking place during heating of the 
sample. Softening of the glass phase and cold crystallization occurring simultaneously can 
pose a difficult problem for PALS data analysis and interpretation. The two processes cannot 
be resolved in PALS measurements as it was in the case of 4TCB thanks to difficult and 
lengthy crystallization of the latter. The proposed explanation of the obtained dependencies 
may shed light on the results of previous PALS studies of supercooled liquid crystals reported 
in the literature. 
 
 
�>���@���(�����'�U�\�]�H�N�����(�����-�X�V�]�\���V�N�D�����5�����=�D�O�H�V�N�L�����%�����-�D�V�L���V�N�D�����0�����*�R�U�J�R�O�����0�����0�D�V�V�D�O�V�N�D-�$�U�R�G�(�� Phys. Rev. E, 88, 022504 
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 Molecular transport properties of light gases in epoxy-resins membranes with different 
cross linking density and in epoxy-resins modified with dispersed Few Layer Graphene (FLG) 
nano-platelets will be discussed in the framework of the free volume theory [1-5].  
 Four types of resins were prepared by altering their cross-linking densities and hence 
their glass transition temperature. Nanocomposite membranes were prepared with 1, 5,7.5, 10 
wt.% FLG filler content.    
 PALS measurements were performed with a fast-fast lifetime set-up with a time 
resolution of 260 ps. The transport of light gases (H2, N2, CO2) was studied by gas phase 
permeation techniques up to 350 K temperature. 
 X-ray diffraction, vibrational spectroscopy and scanning electron microscopy analysis 
were also performed to characterize the structure of the pure and nanocomposite membranes. 
 Gas phase permeation measurements show that the transport through the pure 
membranes obeys to the solution diffusion mechanism. Decreasing the cross-linking density 
both the permeability and the CO2/N2 selectivity increases. [1,2] 
 The fractional free volume fh(T) and its evolution with the temperature was 
experimentally evaluated by measuring the hole dimensions by PALS, the thermal expansion 
coefficient of the hole free volume and the volumetric thermal expansion coefficient.   
 The gas diffusion constant of CO2 and the permeability of H2, N2 and CO2 as a 
function of temperature was reproduced with the free volume theory and using as input 
parameter the experimentally evaluated fractional free volume fh(T) data [3,4]. 
 In the nanocomposite membranes dispersion of filler showed a barrier effect on gas 
transport. PALS analysis indicated that the free volume structure did not change but the 
fractional free volume decreased with increasing the filler content. Thanks this finding the 
change of gas transport properties due to fillers was explained and modelled by the formation 
of a rigidified polymeric region around fillers. [5]        
  
 
[1] P. N. Patil, D. Roilo, R.S. Brusa, A. Miotello, R. Checchetto, , Polymer 58, 130 (2015) 
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       The mechanism of proton conductivity in per-fluorinated sulfonic acid/PTFE 
�F�R�S�R�O�\�P�H�U�� �)�X�P�D�S�H�P�Š�� �P�H�P�E�U�D�Q�H�V�� �I�R�U�� �S�R�O�\�P�H�U�� �H�O�H�F�W�U�R�O�\�W�H�� �I�X�H�O�� �F�H�O�O�V�� �K�D�V�� �E�H�H�Q�� �L�Q�Y�H�V�W�L�J�D�W�H�G����
�7�K�U�H�H�� �G�L�I�I�H�U�H�Q�W�� �V�D�P�S�O�H�V���� �)�X�P�D�S�H�P�Š�� �)-950, F-1050 and F-14100 membranes with ion 
exchange capacity (IEC) = 1.05, 0.95 and 0.71 meq/g, respectively were used after drying. 
Free volume was quantified using the positron annihilation lifetime (PAL) technique while 
the proton conductivities (�V) were measured using LCR Bridge as function of temperature. It 
was found that as the ion exchange capacity increases, the proton conductivity increases and 
the free volume expands. Temperature dependences of free volume and also proton 
conductivity reflect the glass transition temperature of the membrane. Good linear 
correlations between the reciprocal of the o-Ps hole volume size (1/Vo-Ps) and Log (�V) 
+���'Ea/2.303 KT, [where �' Ea is the activation energy, K is the Boltizmann constant and T is 
the absolute temperature] at different temperature indicate that the ionic motion in dry 
�)�X�P�D�S�H�P�Š�� �L�V�� �J�R�Y�H�U�Q�H�G�� �E�\�� �W�K�H�� �I�U�H�H�� �Y�R�O�X�P�H�� A good linear correlation between the critical 
hole size �JVi

* and the ionic exchange capacity was achieved.  
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 Recently, innovative amperometric biosensors for monitoring the level of wastewater 
pollution have been constructed [1] on the surface of the gold planar electrodes C220AT 
�³�'�U�R�S�6�H�Q�V�´�� �E�\�� �X�V�L�Q�J�� �W�K�H�� �R�U�J�D�Q�L�F-inorganic ureasil-based composites as host polymer 
matrixes and immobilized commercial laccase from Trametes versicolor. It has been found 
that the biosensor based on the ureasil-chalcogenide glass composite was characterized by 
very high sensitivity to be 38.3 times higher in compare with pure ureasil. On the other hand, 
application of the ureasil-chalcogenide glass composite with incorporated silver nanoparticles 
synthesized by high-dose 30 keV Ag+ ion implantation results in decreasing the biosensor 
sensitivity up to 2390 times. Therefore, knowing the properties of the microstructure of such 
materials is important in terms of optimizing the regulated properties of the biosensors. 
 In the present work, the free-volume and swelling properties of various samples of 
pure ureasil and ureasil-chalcogenide glass composite were studied. Using positron 
annihilation lifetime spectroscopy (PALS), temperature dependencies of the ortho-
positronium (o-Ps) lifetimes and their relative intensities were measured to estimate the 
evolution of microstructural free-volume. Glass transition temperatures and expansion 
coefficients of microscopical free-volume were determined. Differences in network behavior 
for older samples (aging effect) and the effect of chalcogenide (As2S3) particles on the free 
volume of ureasil network were observed. Swelling experiments using water and ethyl 
alcohol showed that the structure of the older sample network had less swelling ability for 
pure ureasil as well as composite. This suggests that the one of factors influencing swelling is 
the change of the basic ureasil network due to aging. 
 It is supposed that the network properties obtained by PALS and swelling experiments 
could be very helpful to understand better the bio-functionality of the constructed biosensor 
based on the ureasil-chalcogenide glass composite [1].   
 
 
�>���@���7�����.�D�Y�H�W�V�N�\�\�����2�����6�P�X�W�R�N�����0�����*�R�Q�F�K�D�U�����2�����'�H�P�N�L�Y�����+�����.�O�H�S�D�F�K�����<�����.�X�N�K�D�]�K�����2�����â�D�X�ã�D�����7�����3�H�W�N�R�Y�D�����9�����%�R�H�Y����

V. Ilcheva, P. Petkov and A.L. Stepanov, Journal of Applied Polymer Science 134, 45278 (2017) 
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Humidity control and water management in polymer electrolyte fuel cells (PEMFC) 
still remain one of highest importance for increasing the efficiency and development of fuel 
cell stacks. In this study, poly(vinyl alcohol) was crosslinked using 5-30 wt% sulfosuccinic 
acid (SSA) by a solution casting method and additional thermally crosslinked at 100�ìC. Ion 
exchange capacity (IEC) of the membranes were in the range of 1.093-2.064 mmole/g. The 
thermal stability of PVA/SSA solid membranes was studied by thermogravimetric analysis 
(TGA), and it was found that the thermal stability of the membranes improved with increasing 
SSA content. Positron annihilation lifetime spectroscopy (PALS) was used in order to study 
the change of total free volume and for distinguishing the void size distribution at different 
humidity. It was found that the free volume and the water uptake is strongly correlated. The 
mean void size, however, was found to be related to the mechanical strength of the 
membranes. In addition, it was found that up to a relative of 30 RH % the ortho positroinum 
lifetime �G�R�H�V�Q�¶�W���F�K�D�Q�J�H���V�L�J�Q�L�I�L�F�D�Q�W�O�\���Z�K�H�U�H�D�V���L�W��increases strongly with increasing humidity of 
more than 30RH% as shown in figure 1. Moreover we observe that the conductivity was 
found in the range 0.216�±1.56 mS/cm depending on both the temperature and the SSA 
concentration. 

Fig.1. Ortho positronium lifetime t3 of PVA with 15% SSA membrane at different humidity. 
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Polymer nanocomposites (PNCs) are multiphase materials made of polymer matrix 
reinforced with nanodimensional inorganic fillers [1]. PNCs are shown to have improved 
mechanical, electrical and thermal properties compared to pure polymers. As a result, PNCs 
are shown to have increased applications in various industries [2]. The enhancement in the 
bulk properties are generally correlated to morphology and properties of nanofillers. In recent 
years, it has been shown that on incorporation of nanofillers in polymer matrices, the 
molecular level structure of polymer phase is altered. In this regard, formation of an 
interfacial layer around the nanofillers due to interfacial interaction is well accepted 
phenomenon in the field of polymer nanocomposites. Investigation of factors responsible for 
the creation of interfacial layer, structure of interfacial layer as well as its correlations with the 
bulk physical properties is an active area of research. In last few years, we have used positron 
annihilation lifetime spectroscopy (PALS) for the investigation of free volume structure in 
variety of polymer nanocomposites supplemented by other conventional characterization 
techniques [3-10]. These studies have shown that free volume size, their number density as 
well as their size distributions are altered in polymer nanocomposites. The observed 
variations have been explained considering the formation of an interfacial layer. The studies 
have shown that the free volume characteristics of interfacial layer primarily depend on 
interfacial interaction between nanofillers and polymer molecules along with the shape and 
size of nanofillers. The role of interfacial layer characteristics on mechanical and thermal 
properties has been investigated. An overview of our recent studies on polymer 
nanocomposites using PALS will be discussed.     

 
 

[1] A. C Balazs, T. Emrick and T. P. Russell Science 314 1107 (2006).  
[2] L. Z. Guan, Y. J. Wan, L. X. Gong, D. Yan, L. C. Tang, L. B. Wu, J. X. Jiang and G. Q. Lai J. Mater. Chem. 

A  2, 15058 (2014). 
[3] S. K. Sharma, J. Prakash, K. Sudarshan, P. Maheshwari, D. Sathiamoorthy and P. K. Pujari, Phys. Chem. 

Chem. Phys. 14 10972 (2012). 
[4] S. K. Sharma, J. Bahadur, P. N. Patil, P. Maheshwari, S. Mukherjee, S. Mazumder and P. K. Pujari 

ChemPhysChem14  1055 (2013). 
[5] S. K. Sharma, J. Prakash, J. Bahadur, K. Sudarshan, P. Maheshwari, S. Mazumder and P. K. Pujari Phys. 

Chem. Chem. Phys. 16, 1399 (2014). 
[6] S. K. Sharma, J. Prakash, K. Sudarshan, D. Sen, S. Mazumder, P. K. Pujari. Macromolecules 48, 5706 

(2015). 
[7] S. K. Sharma, J. Prakash and P. K. Pujari. Phys. Chem. Chem. Phys. 17, 29201 (2015). 
[8] S. K. Sharma, K. Sudarshan and P. K. Pujari. Phys. Chem. Chem. Phys. 18, 25434 (2016) 
[9] S. K. Sharma, J. Prakash, J. Bahadur, M. Sahu, S. Mazumder and P. K. Pujari. European Polymer Journal 84 

100 (2016). 
[10] S. K. Sharma, K. Sudarshan, M. Sahu and P. K. Pujari RSC Advances 6, 67997 (2016). 
  



12 th  International Workshop on Positron and Positronium Chemistry   

August 28 - September 01, 2017 
Lublin, Poland 

 O16 | PALS and ESR evidence of the dynamic crossover 
in the amorphous phase of the crystalline n - alkanes 

 
J. Barto�ã1,*, B. Zgardzinska2�����+�����â�Y�D�M�G�O�H�Q�N�R�Y�i1�����0�����/�X�N�H�ã�R�Y�i1, R. Zaleski2 

 
1Polymer Institute of SAS, D�~�E�U�D�Y�V�N�i���F�H�V�W�D���������6�.-845 41 Bratislava, Slovakia. 

2Institute of Physics, M. Curie - Sklodowska University, PL-20031 Lublin, Poland 
 
*e-mail: Jozef.Bartos@savba.sk 
 
 The n-alkanes form an important class of organics serving as models for polymers, 
surfactants and bio-systems. In spite of the simple chemical structure their thermodynamic 
and structural behaviors are rather very complex. The most significant complicated feature is 
their slight supercooling ability which leads to hardly achievable amorphous states of the n-
alkanes. Consequently, basic descriptors of the amorphous n-alkanes or the amorphous states 
of the crystalline n-alkanes such as the glass-liquid transition at Tg and the dynamic crossover 
within the supercooled liquid at TX require very special experimental and/or evaluation 
techniques. Thus, the former can be obtained by a vapor deposition technique for the shortest 
member only [1], while the latter follows as a parameter from the power law fit of the normal 
(fluid) liquid state viscosity also for the shorter members: C3-C12 [2]. The aim of this 
contribution is to present a combined PALS and ESR study of both the annihilation behavior 
of the external atomic probe, ortho-positronium (o-Ps) and the related free volume and the 
reorientation dynamics of another external molecular probe, i.e., one of the smallest spin 
probe 2,2,6,6-tetramethyl-piperidinyl-1-oxy (TEMPO) in typical even and odd n-alkanes: n-
hexane (C6) and n-undecane (C11). In both the ESR and PALS responses, i.e. �W3 vs. T and 
2Azz�¶ vs T plots, the main solid-liquid phase transition at Tm  and for C11 also the solid-solid 
phase transition at Tss are confirmed in accord with the two n-alkanes studied by this 
combined approach so far: n-tridecane (C13) and n-hexadecane (C16) [3,4]. In addition, both 
PALS and ESR provide the corresponding evidences indicating the presence of amorphous 
domains within the crystalline phase of C6 and C11 and supporting the existence of the 
suggested crossover at TX within the supercooled liquid state of the crystalline n-alkanes. 
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Fig.1. a. Comparison of ESR and PALS responses ;  b. Power law fit of the liquid viscosity of C11. 
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 When low energy positrons impinge on solid targets, they rapidly thermalize and 
diffuse in the bulk. Some of them reach the surface and annihilate predominantly with valence 
electrons. A small fraction of those positrons, however, may annihilate with core electrons, 
and in this case two or more electrons leave from the valence orbitals via an Auger decay 
process [1]. Thus, the fragmentation and desorption of ionic species from the surface may be 
caused by a Coulomb repulsion between the valence holes. While the bombardment of high 
energy positrons, as well as high energy electrons, can also lead to ion desorption via an 
impact excitation process, positron annihilation is the only possible desorption process for 
slow positrons with an incident energy below the desorption threshold by impact excitation.  
 Recently, we observed positron-stimulated ion desorption from a TiO2(110) surface 
[2-4]. Desorbed O+ ions were clearly detected employing a modified time-of-flight (TOF) 
technique even in the incident positron energy range below the desorption threshold for 
electron impact [2], which corresponds to the ionization energy of Ti(3p) core electrons [5]. 
This result provided the evidence that core-hole creation by positron annihilation with inner-
shell electrons leads to the O+ ion desorption. 
 In the present work, we have compared the positron- and electron-stimulated ion 
desorption. Considerable differences were found in the desorbed ion species and TOF 
distributions. Moreover, the desorption yield of the O+ ions for positron-stimulated desorption 
is one order of magnitude higher than that for electron-stimulated desorption. These results 
suggest that the positron surface states and the annihilation-site selectivity strongly affect the 
desorption process. 
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Single-crystal TiO 2 surfaces have been studied extensively as a testing ground for 
metal-,molecule-, and nanoparticle adsorptions [1, 2], providing opportunities to understand 
thecatalytic reactions on an atomic level. Knowledge on their topmost- and subsurface 
structures,where catalytic processes occur, is critical factor in the understanding of the 
fundamentals andthe reaction mechanisms of solid catalysts. 

We investigated the structures of a rutile-TiO2 ������������ �����î������ �>���@�� �D�Q�G�� �R�I�� �D�Q�� �D�Q�D�W�D�V�H-
TiO2������������ �����î������ �V�X�U�I�D�F�H�V�� �E�\�� �P�H�D�Q�V�� �R�I��a newly developed total-reflection high-energy 
positron diffraction (TRHEPD) apparatus [4, 5] at Slow Positron Facility, KEK, Japan. 
TRHEPD [6], the positron counterpart of reflection high-energy electron diffraction 
(RHEED), provides an exceedingly surface-sensitive tool for the structural determination [7]. 
The rutile-TiO2 ������������ �����î������ �V�X�U�I�D�F�H�� �Z�D�V�� �D�V�� �\�H�W�� �X�Q�G�H�W�H�U�P�L�Q�H�G�� �D�Q�G�� �Z�L�G�H�O�\�� �G�L�V�F�X�V�V�H�G�� �R�Y�H�U�� �W�K�H��
past 30 years. Our TRHEPD analysis [3] showed that the outermost atomic arrangement is 
explained by relaxing a basic structure of Ti2O3 composition [8] into an asymmetric 
configuration. This conclusion agreed well with a recent theoretical model [9] determined by 
a global optimization varying both composition and arrangement of the surface.  

Successful formation of a single-crystal, vacancy-less anatase-TiO2 (001)-�����î������
surface on a SrTiO3 (001) crystal substrate was recently reported [10]. Several models have 
been proposed for this structure [2], based on surface-science techniques and/or theoretical 
calculations, but the rigorous atomic arrangement is yet to be settled. We report that the result 
�R�I���W�K�H���7�5�+�(�3�'���H�[�S�H�U�L�P�H�Q�W���E�H�V�W���P�D�W�F�K�H�V���W�K�D�W���R�I���W�K�H���V�W�U�X�F�W�X�U�D�O���F�D�O�F�X�O�D�W�L�R�Q���D�V�V�X�P�L�Q�J���W�K�H���³�$�G- 
�P�R�O�H�F�X�O�H���P�R�G�H�O�´���>�����@���Z�L�W�K���V�R�P�H���P�R�G�L�I�L�F�D�W�L�R�Q�V���R�I���W�K�H���D�W�R�P�L�F���S�R�V�L�W�L�R�Q�V���� 
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 Highly porous IC3120 silica aerogel was subjected to the high pressure up to 450 
MPa, while the positron annihilation lifetime spectra were collected. The pressure was 
delivered to the investigated samples in two ways: by pistons and by gas (nitrogen) 
penetrating the aerogel. The evolution of all PALS parameters is discussed. With the increase 
of the pressure, shortening of orthopositronium lifetimes (different, depending on the pressure 
introducing method) is observed. Similarity between the dependence of the longest-lived o-Ps 
�F�R�P�S�R�Q�H�Q�W�¶�V�� �O�L�I�H�W�L�P�H�� �R�Q�� �W�K�H�� �S�U�H�Vsure, for the sample affected with nitrogen molecules and 
pure nitrogen was observed. It suggests, that the nitrogen fills the largest free volumes of 
aerogel. The pressure exerted on investigated aerogel  mechanically, causes much smaller 
decrease of free volume available for positronium.  
 Comparison of PALS results with the electron microscopy images obtained after 
removing the pressure confirmed, that more intense and lasting changes were caused by 
affecting the aerogel with the pistons.  
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Correctly evaluation of meopores by positron annihilation needs deep understanding 
of behaviours of positronium (Ps) atoms in mesopores. In this talk, positronium behaviors in 
pores of various mesoporous silica thin films, deposited on Si wafers via a sol-gel method 
using either triblock copolymers or a cationic surfactant as structure-directing agents, were 
studied by positron annihilation spectroscopes based on slow positron beams. Pore surface 
chemistry, intereconnectivity and morphology on Ps diffusion, annihilation characteristics in 
mesopores are reviewed[1-7]. Ps lifetime in mesopores is associated with pore size, pore 
geometry and pore surface chemistry. Ps emission/3g annihilation depends not only on the 
pore interconnectivity but also on pore morphologies due to Ps localization in larger pores. 
Because of the nature of Ps confinement in nano-channels, orientation of tubal pores could be 
distinguished by measuring S, W parameters of positron annihilation in ordered pores 
aligning along silica film surface using Doppler Broadening of annihilation radiation 
(DBAR). This makes it possible to evaluate morphologies of mesopores both in silica films 
and around the interface between the silica film and Si substrate. 

 
This work was supported in part by National Natural Science Foundation of China (NSFC) 
under Grants 11375132&11575130.  
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The positronium (Ps) lifetime technique is well documented as a sensitive tool for 
probing nanometer-scaled open-space in various oxides and polymers [1,2], in order to 
elucidate their macroscopic properties such as molecular permeability [3] and ion transport 
[4]. Our group has so far reported on the usefulness of this technique for investigating free-
volume holes/nanopores in a variety of functional materials like separation membranes [4,5], 
hydrophilic polyolefins [6], and silica films [7]. In 2003, our group proved that the positron 
and Ps momentum distributions for polymers associate with their constituent elements [8], 
suggesting that Ps may be useful for probing the chemistry of free-volume surfaces. For 
instance, the chemical environment from a nanoscopic viewpoint has been investigated for 
bulk polymers by means of the positron age-momentum correlation (AMOC) technique, 
which demonstrated the applicability of AMOC to the chemical analysis around the free 
volumes [9]. 

In this work, an energy-tunable AMOC measurement system with a radioisotope-
based pulsed positron beam was developed for investigating functional thin materials. 
Positron annihilation lifetime spectroscopy (PALS) was performed using a positron pulsing 
system (FUJI IMVAC  Inc., Japan) with a time resolution of about 250 ps (FWHM), and 
Doppler broadening of positron annihilation radiation (DBAR) was measured using a high-
purity Ge detector with an energy resolution of 1.63 keV at 1.33 MeV and an efficiency of 
39 %. In order to obtain AMOC data, coincidence signals from PALS and DBAR were stored 
in a PC using a digital signal-processing module developed by TechnoAP, Japan. As the first 
application, siloxane-silica hybrid thin films, fabricated through plasma-enhanced chemical 
vapor deposition [7], were examined using the developed system. The effect of the siloxane 
monomer content on the free-volume structure was discussed based on the AMOC data. 
Details of the measurement system and obtained results are presented at the workshop. 
 
This work was supported by JSPS KAKENHI Grant Number 16H04526. 
 
 
[1] K. Ito, H. Nakanishi, Y. Ujihira, J. Phys. Chem. B, 103 (1999) 4555. 
[2] K. Ito and Y. Kobayashi, Acta Phys. Pol. A, 107 (2005) 717. 
[3] K. Ito, Y. Saito, T. Yamamoto, Y. Ujihira, K. Nomura, Macromolecules, 34 (2001) 6153. 
[4] Z. Chen, K. Ito, H. Yanagishita, N. Oshima, R. Suzuki, Y. Kobayashi, J. Phys. Chem. C, 115 (2011) 18055. 
[5] T. Niimi, H. Nagasawa, M. Kanezashi, T. Yoshioka, K. Ito, T. Tsuru, J. Membr. Sci., 455 (2014) 375. 
[6] H. Hagihara, K. Ito, S. Kimata, Macromolecules, 46 (2013) 4432. 
[7] K. Ito, T. Oka, C. He, Y. Kobayashi, JJAP Conference Proceedings, 2 (2014) 011210. 
[8] K. Ito, Y. Kobayashi, A. Nanasawa, Appl. Phys. Lett., 82 (2003) 654. 
[9] K. Sato, H. Murakami, K. Ito, K. Hirata Y. Kobayashi, Macromolecules, 42 (2009) 4853. 
  



12 th  International Workshop on Positron and Positronium Chemistry   

August 28 - September 01, 2017 
Lublin, Poland 

 O22 | Free-volume evolution in 1-propanol confined in partially filled regular 
mesopores of SBA- 15 matrix 

 
�2�����â�D�X�ã�D1,*�����0�����/�X�N�H�ã�R�Y�i2, �+�����â�Y�D�M�G�O�H�Q�N�R�Y�i2 �D�Q�G���-�����%�D�U�W�R�ã2 

 
1�,�Q�V�W�L�W�X�W�H���R�I���3�K�\�V�L�F�V�����6�O�R�Y�D�N���$�F�D�G�H�P�\���R�I���6�F�L�H�Q�F�H�V�����'�~�E�U�D�Y�V�N�i���F�H�V�W�D�����������������������%�U�D�W�L�V�O�D�Y�D����

Slovakia 
2�3�R�O�\�P�H�U���,�Q�V�W�L�W�X�W�H�����6�O�R�Y�D�N���$�F�D�G�H�P�\���R�I���6�F�L�H�Q�F�H�V�����'�~�E�U�D�Y�V�N�i���F�H�V�W�D�����������������������%�U�D�W�L�V�O�D�Y�D����

Slovakia 
 
*email: ondrej.sausa@savba.sk 
 
 1-propanol belongs to polar substances with a simple structure and significant use in 
synthetic, solution organic and polymer chemistry. It serves as an important prototypical polar 
protic organic compound in various types of condensed matter studies.  
 The aim of this work was to show the changes in the annihilation behavior of ortho-
positronium (oPs) in 1-propanol confined in regular mesopores of the SBA-15 matrix as 
compared to the bulk state [1] with temperature as well as differences in its free-volume 
evolution at the different levels of pore filling. Since the SBA-15 matrix is a hard inorganic 
matrix with a polar inner surface, we anticipate the manifestations of the attractive 
interactions between the polar groups of 1-propanol and the SBA-15 matrix in filling the 
matrix mesopores as well as in the free-volume microstructure of the confined 1-propanol. 
 From the measured dependencies of the oPs lifetimes and their relative intensities on 
the filling coefficient k (k=Mprop/Mtot, where Mprop is the weight of propanol and Mtot is 
the weight of the matrix together with the confined propanol) is shown that the gradual filling 
of the mesopores with molecules of 1-propanol is most likely firstby bonding the 1-propanol 
molecules to the inner polar surface in the thin layer and then filling the pores completely. In 
addition, at some significant filling coefficients, the free-volume properties of 1-propanol 
were measured over a wide temperature range of 15-350 K. Filling coefficients k=0.15, 0.24 
and 0.35 were chosen at which the changes in oPs lifetimes or their relative intensities occur, 
measured at room temperature. 

 
 

[1] �-�����%�D�U�W�R�ã�����+�����â�Y�D�M�G�O�H�Q�N�R�Y�i�����2�����â�D�X�ã�D�����0�����/�X�N�H�ã�R�Y�i�����'�����(�K�O�H�U�V�����0�����0�L�F�K�O�����3�����/�X�Q�N�H�Q�K�H�L�P�H�U���D�Q�G���$�����/�R�L�G�O����J. 
Phys.-Cond. Matt. 28, 015101 (2016) 
 
  



12 th  International Workshop on Positron and Positronium Chemistry   

August 28 - September 01, 2017 
Lublin, Poland 

 O23 | Slow positron annihilation spectroscopy of mesoporous silicon oxide films 
obtained by electro-assisted self-assembly 

 
B. Y. Wang1,*, C. Q. He2, X. W. Zhang2, P. Kuang1, and X. Z. Cao1 

 
1 Institute of High Energy Physics, Chinese Academy of Sciences, 100049 Beijing, China 

2 School of Physics and Technology, Wuhan University, Wuhan, 430072 Hubei, China 
 
*email: wangboy@ihep.ac.cn 
 
 Supported mesostructured thin films are of major importance for applications in 
optical, electrochemical and sensing devices. Highly ordered and vertically oriented 
mesoporous silica oxide films can be generated by electro-assisted self-assembly (EASA). 
The method involves the electrogeneration of hydroxide ions at an electrode surface 
immersed in an hydrolyzed sol solution (containing typically tetraethoxysilane, TEOS, and 
cetyltrimethylammonium bromide, CTAB) in order to catalyze polycondensation of the 
precursors and self-assembly of hexagonally packed one-dimensional channels that grow 
perpendicularly to the support (ITO). Thickness of these films can be accurately controlled by 
applying galvanostatic conditions and by varying the deposition time. However, the influence 
of the CTAB/TEOS concentration ratio on the mesoporous structure has never been 
thoroughly examined. Slow positron annihilation spectroscopy is a powerful tool to study in-
depth variation of membrane fine structural. In this paper, we report a combined study of the 
Doppler broadening (DBES) and positron annihilation lifetime spectroscopy (PALS) methods 
coupled with variable monoenergy slow positron beams to study the positron annihilation 
characterization in mesoporous silicon oxide films (200nm) formed with four different 
CTAB/TEOS ratios. The S-W curve shows that there are three straight line segments, 
respectively, corresponding to the three transition regions of the film. Obviously, the S 
parameter of the transition zone from the silicon oxide film to the interface between the 
silicon oxide and the ITO significantly changes with different CTAB/TEOS ratios, indicating 
the mesoporous structure of films can be well regulated by modifying its ratio. The long 
lifetime of positron lifetime spectra correlating to magnitude of nanosecond order indicates 
that the film of CTAB/TEOS ratio 0.04 has the largest mesoporous size. 

               

Fig (a). S parameter and S-W plot of 200nm-thin films. Arrows show the incident positron energy Ein 
from 0.012 keV to 10 keV; Fig (b). The PALS with when incident positron energy was 0.3 keV. 
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 Oblique angle deposited (OAD) thin films offer many possibilities for tailoring their 
microstructure for specific applications, which are typically linked with the high fraction of 
void space and porosity available in these thin films (typically of 50% or more from the total 
volume of the films) and the possibility of tailoring their microstructure in the form of slanted, 
chiral, zig-zag or similar nanostructures [1]. Combining these films in the form of multilayers 
of different materials open additional ways for tailoring their microstructure and the 
development of new properties for advanced applications [2], e.g., optofluidic sensors, fuel 
cells and many others. For all these applications, control of the porous structures is essential 
and a precise knowledge is required of the porous structure, the interconnection between open 
pores, the possibility of creating close pores, etc. 

Here, we will present the first results for the investigation of three different nano-
columnar systems: single element (i) SiO2 (Fig. 1) and (ii) TiO2 films, and (iii) SiO2/TiO2 
multilayers, which have been studied by means of Doppler broadening (DB) and positron 
annihilation lifetime spectroscopy (PALS) using the MePS facility at HZDR. Three different 
pore populations have been detected for SiO2 nano-columns, two for multilayers and only one 
pore size for TiO2. Pore size distribution evaluated by the MELT code will be given. 

 

 

 

 

Fig. 1 Cross-sectional SEM image of e-beam 
evaporated SiO2 nano-columnar film (about  
���� �—�P�� �W�K�L�F�N������ �F�D�S�S�H�G�� �Z�L�W�K�� �D�E�R�X�W�� �������� �Q�P�� �W�K�L�F�N��
compact SiO2 layer. 

 
 
[1] A. Barranco et al., Mater. Sci. 76 59 (2016) 
[2] M. Oliva-Ramirez et al., ACS Nano 10, 1256 (2016) DOI: 10.1021/acsnano.5b06625 
  

SiO2 �± �����ƒ 

SiO2 �± cap 

Si 



12 th  International Workshop on Positron and Positronium Chemistry   

August 28 - September 01, 2017 
Lublin, Poland 

 O25 | In-situ investigations of the curing process in ultra low-k materials 
 

M.O. Liedke1,*, N. Koehler2, M. Butterling1, A.G. Attallah3, R. Krause-Rehberg3, E. 
Hirschmann1,3, S.E. Schulz2,4 and A. Wagner1 

 
1�,�Q�V�W�L�W�X�W���I�•�U��Strahlenphysik, Helmholtz-Zentrum Dresden - Rossendorf, Dresden, Germany 

2�=�H�Q�W�U�X�P���I�•�U���0�L�N�U�R�W�H�F�K�Q�R�O�R�J�L�H�Q�����7�H�F�K�����8�Q�L�Y�����&�K�H�P�Q�L�W�]�����&�K�H�P�Q�L�W�]�����*�H�U�P�D�Q�\ 
3Insitut�����I�•�U���3�K�\�V�L�N�����8�Q�L�Y�H�U�V�L�W�l�W. Halle, Halle, Germany 

4Fraunhofer ENAS, Technologie-Campus 3, Chemnitz, Germany 
 
*email: m.liedke@hzdr.de 
 

Porous spin-on glasses belong to ultra low-k (ULK) dielectrics and are promising 
candidates for integration in the semiconductor device fabrication technology. Their 
microstructure consists usually of interconnected pore networks distributed across the film 
rather than separated voids. The pore size and distribution are controllable to a large extent, 
however, the pore formation process itself is still not well understood. A dielectric damage 
during integration and material degradation of films with large porosity are still problematic 
issues.  The first results on in-situ investigations of the pore formation during a curing process 
�± a porogen removal by vacuum annealing will be presented. The main motivation is to obtain 
the insight into early stages of the pore formation and up to its full development. The in-situ 
annealing and Doppler Broadening �± Positron Annihilation Spectroscopy (DB-PAS) 
measurements have been done on our Apparatus for In-situ Defect Analysis (AIDA) system 
[1], which is the end-station of the slow positrons beamline at HZDR. The comparison 
between preliminary ex-situ studies by means of DB-PAS [see Fig. 1], Positron Annihilation 
Lifetime Spectroscopy (PALS), and Fourier Transform Infrared Spectroscopy (FTIS) will be 
given. 

  

Fig. 1. ortho-Positronium (o-Ps) emission [norm. to bulk V/T parameter] as a function of positron implantation 
energy, E and mean positron penetration depth, zmean for samples with different (a) thicknesses, t and (b) curing 
�W�L�P�H�V�� �I�R�U�� �W� �������Q�P�� �>�������ƒ�&���� ���K�@���� �&�X�U�H�G�� �V�D�P�S�O�H�V�� �Z�L�W�K�� �W�K�H�� �8�/�.�� �I�L�O�P�� �W�K�L�F�N�Q�H�V�V�� �Y�D�U�L�D�W�L�R�Q�� �Z�H�U�H�� �F�D�S�S�H�G�� �Z�L�W�K�� �D��
carbon layer (10nm thick for t<400nm, and 20nm for t=400nm). In (b) all the samples were capped with 20nm 
C. S-parameter as a function of E (insets). 
 

 In Fig. 1(a) it is shown that o-Ps emission increases with t, thus can be a probe of films 
porosity as long as they are capped. The curing time of 5-30min. is sufficient to fully develop 
the pore network [Fig. 1(b)]. Porosity development and distribution will be discussed for 
annealing temperatures in the 100-�������ƒ�&���U�D�Q�J�H���D�Q�G���Y�D�U�L�H�G���D�Q�Q�H�D�O�L�Q�J���W�L�P�H���� 
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The pore size of spin-on coated ultra-low K (ULK) materials cured at 4500C for 
different times was studied by the pulsed slow positron beam (MePS) at ELBE/HZDR. To 
investigate the pore formation in cured porous spin-on dielectrics, the pore size as a function 
of positron implantation energy was obtained for samples with different curing times. Such a 
study is performed to understand the dielectric damage behaviour of ULK dielectrics for the 
integration in Back-End of Line (BEOL). MePS results revealed that the films contain open 
and closed pores with ~ 3 nm in diameter which was confirmed by capping the samples. The 
highest pore concentration is located beneath the surface in the 0.2 - 0.5 �Pm range (We plan to 
carry out ellipsometric porosimetry and FTIR during this summer).  Pseudomorphic 
transformation of porous glass-thin layers, with pores of 40 - 50 nm diameter and a relatively 
small surface area, to MCM-41 with ~4 nm pores, with a higher surface area, was studied by 
MePS. The small pore size of MCM-41 was successfully detected with an intensity growth 
with transformation degree but the large pores were not detected at all. To understand the 
disability of detecting the large pores by positron annihilation lifetime, we plan to perform 
SEM measurements in the same depth as that of the implanted positrons (0.005-2.4 �Pm). 
Additionally, the increase in the intensity of positronium lifetime, which correlates the small 
pores, as a function of positron implantation energy could reflect inner pore isolation or poor 
interconnectivity.  
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Pores are greatly related to the properties of silica glasses. We have previously 
examined voids in silica glasses with different fictive temperatures using positron annihilation 
lifetime spectroscopy (PALS) [1]. The pick-off annihilation lifetime of o-Ps increased with 
the fictive temperature, Tf, although the density increased. Further, it was found that this 
result was very similar to that of the Rayleigh scattering coefficient. High Tf leads to a low 
degree of network polymerization, resulting in a large density fluctuation. Therefore, the 
largest pores appeared in the silica glass at high Tf and o-Ps was able to detect such large 
pores. In this work, highly densified silica glass specimens were produced using the hot 
isostatic pressure (HIP) method. PALS and Rayleigh scattering measurements were then 
carried out on those samples.   

Highly densified silica glass specimens with �I 50 mm and 70 mm length were 
manufactured using the HIP method. The temperature was 2073 K and the atmosphere was Ar 
gas. The pressure was varied from 0.1 MPa to 200 MPa with a preparation time of up to 4 h.   
For the sample prepared at 200 MPa, the refractive index and the density saturated within 1 h, 
while the o-Ps lifetime and Rayleigh scattering coefficient gradually decreased within the 
preparation time of up to 4 h. This meant that the macroscopic properties did not change for 
more than 1 h, but the relaxation of the microscopic pore structures continued for a longer 
time. The plot of Rayleigh scattering intensity versus pore radius estimated from the o-Ps 
lifetime is summarized in the figure below. This figure shows a good correlation between the 
two. It was found that the highly densified silica glass showed a small density fluctuation and 
the pores detected by o-Ps became smaller. We, thus, conclude that PALS is a suitable 
method for estimating the optical loss in silica glasses such as a glass fiber. 
 

 

 

 

 

 

 

 
Fig. Rayleigh scattering intensity versus pore radius estimated from the o-Ps lifetime. 

 
 
[1] M. Ono, K. Hara, M. Fujinami, and S. Ito, Appl. Phys. Lett. 101, 164103 (2012) 
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Engineering the nanoporosity of silica thin films is important to improve the 
functionality of various materials for sensors, separation membranes, etc. One method to 
control the porosity is heat treatment of the films, which can modify the silica networks, so 
that the pore structure is altered at the molecular level. In this study, low-energy positron 
annihilation lifetime spectroscopy (PALS) and ellipsometric porosimetry (EP)[1][2] were 
applied to the evaluation of the nanopores in silica thin films fabricated by plasma-enhanced 
chemical vapor deposition (PECVD). The effect of the heat treatment on the nanoporosity 
was investigated. 

�6�L�O�L�F�D���I�L�O�P�V���Z�L�W�K���D���W�K�L�F�N�Q�H�V�V���R�I�����������Q�P���Z�H�U�H���G�H�S�R�V�L�W�H�G���D�W���������ƒ�&���R�Q���V�L�O�L�F�R�Q���Z�D�I�H�U�V���Z�L�W�K 
different flow rate ratios of the oxygen and tetraethyl orthosilicate (TEOS) precursors. 
Refractive indices for the as-deposited silica films, a measure of the film density, decreased 
with increasing TEOS fraction, suggesting suppressed development of the silica networks due 
to the excess amount of TEOS in the precursor. PALS results showed that their pore sizes, 
quantified from the ortho-positronium lifetimes, increased from 0.30 nm to 0.35 nm in radius 
with decreasing refractive index, indicating that the pore sizes were associated with the film 
�W�R�W�D�O���S�R�U�R�V�L�W�\�����7�K�H���I�L�O�P�V���Z�H�U�H���D�Q�Q�H�D�O�H�G���D�W���������ƒ�&���X�Q�G�H�U���D���G�U�L�H�G���Q�L�W�U�R�J�H�Q���I�O�R�Z�����:�K�L�O�H���W�K�H���W�R�W�D�O 
porosity, estimated from the refractive index, was not significantly changed with the heat 
treatment (Fig. 1), open porosity for the annealed films was not observed by EP with 
methanol (Fig. 2). This means that the connected pores accessible to the methanol molecule 
�Z�H�U�H�� �L�V�R�O�D�W�H�G�� �E�\�� �D�Q�Q�H�D�O�L�Q�J�� �D�W�� �������ƒ�&���� �'�H�W�D�L�O�V�� �L�Q�F�O�X�G�L�Q�J�� �W�K�H�� �S�R�V�L�W�U�R�Q�� �U�H�V�X�O�W�V�� �I�R�U�� �W�K�H�� �D�Q�Q�H�D�O�H�G 
films will be discussed in the presentation.  

This work was supported by JSPS KAKENHI Grant Numbers 15H02313, 16H04526. 
 
 
 
 
 
 
 
 
Fig. 1 Relationship between the total porosity 
and the TEOS fraction for the dry silica films.  
 
 
[1] S. Yoshimoto, K. Ito, H. Hosomi and Y. Takai, J. Appl. Phys. Conf. Proc. 2 (2014) 011205 
[2] S. Yoshimoto, K. Ito, H. Hosomi, T. Nakamura and M. Takeda, J. Phys: Conf. Proc., 791 (2017) 012027  

Fig. 2 Relationship between the open porosity 
and the TEOS fraction for the silica films. 
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 Nanostructured metals containing nano- and micro-cavities can be prepared by various 
methods. Morphology of cavities can be controlled by varying the parameters of preparation. 
This enables fabrication of nanostructured metals with properties tailored for particular 
applications, e.g. nanostructured metals containing fractal-like cavities with a wide size 
distribution are used as omnidirectional absorbers of light from the visible into the infrared 
spectral region. Positronium (Ps) is a non-destructive probe of nanoscopic cavities capable of 
precise determination of their size distribution. In conventional metals Ps does not form since 
any bound state of positron and electron is quickly destroyed by the screening of conduction 
electrons. However, a thermalized positron escaping from a metal through inner surface into a 
cavity may form Ps by picking an electron on the surface. This process was examined in the 
present work on nanostructured metals prepared three various methods: (i) thin films of black 
metals (Au and Al) evaporated in N2 atmosphere; (ii) nano-porous bulk Pd prepared by 
electrochemical etching of PdCo alloy; (iii) nanostructured Gd prepared by selective 
evaporation of Mg from MgGd alloy. Our investigations confirmed that Ps was formed in 
nanostructured metals. The the size distribution of nano-pores in the samples has been 
determined. The mechanism of Ps formation in these samples is discussed in the paper.   

 

Fig.1. (a) SEM micrograph of nanostructured Gd prepared by selective evaporation of MgGd alloy; 
(b) size distribution of nanoscopic pores determined from pick-off annihilation lifetime of ortho-Ps.  
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 Fe-12Cr model alloy implanted by helium ions was investigated in a context of Fe-9Cr 
steel irradiated in a mixed neutron-proton spectrum of spallation target. Application of pulsed 
low-energy positron beam enabled a careful selection of a region in the Bragg peak with the 
He concentration and displacement damage comparable to spallation conditions. The 
investigated samples, irradiated in Swiss Spallation Neutron Source �± SINQ received up to 
20dpa and 2000appm He in 2 years. A similar dose was obtained in the implanted samples in 
72 hours. Despite a major acceleration of the displacement damage production, the positron 
lifetime data were found to be relatively comparable. However, the implanted samples show a 
more significant trapping at vacancy clusters with lifetime 200-280ps. Also, the absolute 
value of the positron lifetimes in this range of clusters was found to be larger in He-implanted 
samples. This suggests a higher concentration of vacancy clusters containing less helium in 
these samples, comparing to the spallation ones. More defects surviving cascade collisions 
can be explained by a presence of interstitial helium in the matrix, �L�W�¶�V�� �I�D�V�W�� �P�L�J�U�D�W�L�R�Q�� �L�Q�W�R��
radiation-induced vacancies and stabilization of these defects against recombination. 
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 High entropy (HE) alloys (HEAs) consist of several �± usually at least four or five �± 
components with nearly �H�T�X�L�D�W�R�P�L�F�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�� �>���@���� �³�+�L�J�K�� �H�Q�W�U�R�S�\�´�� �L�Q�� �W�K�H�L�U���Q�D�P�H�� �F�R�P�H�V��
from the fact that they show a very large configurational entropy, which contributes to their 
stability. Such alloys started to attract attention �± both from the scientific and applicational 
viewpoints �± just a few years ago because of their unique properties, mainly mechanical and 
electrochemical ones. The properties of HE alloys are nowadays intensively studied, but 
investigations of defects are seldom. Positron annihilation (PA) may thus reveal details about 
open volume defects, and thereby about HEA microstructure related to HEA properties. HE 
alloys are not dilute but rather concentrated alloys. This fact has also consequences for 
positron annihilation research: Even simple defects like vacancies exist in many different 
�D�W�R�P�L�F�� �F�R�Q�I�L�J�X�U�D�W�L�R�Q�V���� �,�Q�� �D�G�G�L�W�L�R�Q���� �W�K�H�� �³�E�X�O�N�´�� �O�L�I�H�W�L�P�H�� �L�V�� �Q�R�W�� �U�H�S�U�H�V�H�Q�W�H�G�� �E�\�� �D�� �G�L�V�F�U�H�W�H���Y�D�O�X�H��
but exhibits a distribution with a certain (nonzero) width. 
 The HfNbTaTiZr high entropy alloy was discovered/introduced in 2011 [2] in quest of 
suitable materials for high temperature applications in the aerospace industry. All constituting 
elements are refractory metals, and so is the resulting alloy. The HfNbTaTiZr alloy displays 
excellent mechanical properties, like yield strength, but its defect structure is unknown to a 
large extent. In the present study, we first examine the phase stability of the HfNbTaTiZr 
alloys which crystallize in the bcc structure. We also attempt to determine the short-range 
order in these alloys using ab initio modelling based on a Monte Carlo approach [3]. The 
basic properties of single vacancies in the bulk are also investigated, including the possibility 
of the existence of structural vacancies. Finally, the first experimental PA results for 
HfNbTaTiZr samples produced by arc melting are shown and discussed with the help of 
computed positron characteristics for the bulk and vacancies. 
 
 
[1] High-Entropy Alloys: Fundamentals and Applications, edited by M.C. Gao, J.-W. Yeh,  
      P.K. Liaw and Y. Zhang, Springer (2016)  
[2] O.N. Senkov et al., J. Alloys Comp. 509, 6043 (2011) 
[3] N. Metropolis et al., J. Chem. Phys. 21, 1087 (1953) 
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Positron annihilation spectroscopy is widely used for open volume defects 
identification in metals, alloys, semiconductors and other. However, it can be also applied for 
determination of defect spatial distribution in samples exposed to the surface treatment. This 
allows us to observe and recognize processes accompanying different treatments. The lecture 
will address the heavy ions implantation studied by positron annihilation spectroscopy 
including investigations performed by the author.  

Implantation of energetic ions have been widely used to modify properties of the near 
surface region. It is important to understand the defect production, annihilation and migration 
mechanisms during and after collision cascades. In our studies, polycrystalline pure titanium 
and silver were irradiated by Xe26+ ions with kinetic energy of 167 MeV and different doses. 
Slow positron beam and positron lifetime were used for detection of defects. We intend to 
focus on the total range of defects after irradiation. For this purpose we applied with success 
the sequenced etching technique which was previous used for detection of subsurface zone 
created during sliding (see e.g., [1]). Despite the small range of the Xe26+ implantation, i.e., 10 
�—�P���W�K�L�V���W�H�F�K�Q�L�T�X�H���D�O�O�R�Z�V���W�R���G�H�W�H�F�W���W�K�H���G�H�I�H�F�W���G�H�S�W�K���S�U�R�I�L�O�H���L�Q�G�X�F�H�G���E�\���L�U�U�D�G�L�D�Wion.  The profile 
range coincidences with the range of ion calculated using SRIM/TRIM code. However, the 
shape of defect profile does not coincidence with this calculated from the code. No Bragg 
peak at the end of the range is observed. We will discuss also the so called long range effect. 
This effect predicts the expansion of defects beyond the ion implantation range [2, 3]. The 
slow positron beam results for these samples will be also presented. 
  
 
�>���@���-�����'�U�\�]�H�N�����0�����:�U�y�E�H�O�����7�U�L�E�R�O�����/�H�W�W. 55, 413 (2014) 
[2] Yu. P. Sharkeev, B.P.Gritsenko, A.V. Fortuna, A.J. Perry,  Vaccum, 52, 247 (1999) 
[3] Yu. P. Sharkeev, E.V . Kozlova, Surf. Coat.Technol. 158�±159, 219�±224 (2002). 
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 The safe operation of nuclear facilities is limited by neutron embrittlement of most 
loaded parts. Nuclear materials degradation caused by radiation exposure can be 
experimentally measured with difficulties connected to high radiation and manipulation. 
Based on long term experiences we focused also on experimental simulation of irradiation via 
ion implantation. In our case, German reactor pressure vessel (RPV) steels were studied by 
positron annihilation lifetime spectroscopy (PALS). This unique non-destructive method can 
be effectively applied for the evaluation of microstructural changes and for the analysis of 
degradation of reactor steels due to neutron irradiation and proton implantation. Studied 
specimens of German reactor pressure vessel steels are originally from CARINA/CARISMA 
program as well as Slovak surveillance specimen program (1995-2015). Actually eight 
specimens were measured in as-received state and two specimens were irradiated by neutrons 
in German experimental reactor VAK (Versuchsatomkraftwerk Kahl) in the 1980s. One of the 
specimens which was in as-received and neutron irradiated condition was also used for 
simulation of neutron damage by hydrogen nuclei implantation. Defects with the size of about 
1-2 vacancies with relatively small contribution (with intensity on the level of 20-40 %) were 
�R�E�V�H�U�Y�H�G���L�Q���³�D�V-�U�H�F�H�L�Y�H�G�´���V�W�H�H�O�V�����$���V�L�J�Q�L�I�L�F�D�Q�W���L�Q�F�U�H�D�V�H���L�Q���W�K�H���V�L�]�H���R�I���W�K�H���L�Q�G�X�F�H�G���G�H�I�H�F�W�V���G�X�H��
to neutron damage was observed in the irradiated specimens resulting in 2-3 vacancies. The 
size and intensity of defects reached a similar level as in the specimens irradiated in the 
nuclear reactor due to the implantation of hydrogen ions with energies of 100 keV (up to the 
depth <500 nm). Actual results from German reactor steels were compared to previous 
experiences with Russian and Japan reactor steels studied after different loads.  
 
 
[1] H. Hein, E. Keim, H. Schnabel. T. Seibert, A. Gundermann, J. ASTM Int. 6 (2009) Paper ID JAI101962  
�>���@���9�����6�O�X�J�H�������6�D�I�H�W�\���R�I���9�9�(�5-440 Reactors �± Barriers Against Fission Products Release, Springer, 2011, ISBN 

978-1-84996-419-7  
[3] V. Slugen, V. Krsjak, W. Egger, M.Petriska, S.Sojak and J. Vetrenikova, J. Nucl. Mater. 409 (2011) 163 
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 In this work we studied near-surface defects in silicon irradiated by protons and in 
tungsten irradiated by W+6 ions by means of positron annihilation lifetime spectroscopy 
(PALS) using a 22Na positron source. These studies require knowledge of positron 
implantation profiles in matter. We simulated them using GEANT4 toolkit. Positron 
implantation profiles can be approximated by the sum of two exponential functions:  

�I���[����� �����������Â�Z�Â�H-�Z�[ �������������Â�E�Â�H-bx, (1) 
where a=0.11, b=0.�����������P-1 for silicon and a=1.52, b=0.11 ���P-1 for tungsten. 
 Fig. 1 shows implantation profiles of positrons from 22Na source along with depth 
distributions of primary radiation defects (Frenkel pairs) calculated using SRIM program. 
 

 

Fig.1. Positron implantation profiles and Frenkel pairs depth profiles in Si  and W samples 
 
 In silicon irradiated by protons with energies up to 3 MeV with the fluence 
~ ��������14 cm-2, defects are located within 100 ��m near-surface region. According to our 
calculations 72% of positrons annihilate therein. To describe fate of the near-surface positrons 
we use the standard two-state trapping model. It yields the lifetime of the trapped positrons 
about 0.3 ns, which indicate that positrons preferentially annihilate in divacancies. Trapping 
rate is 0.6 ns-1 [1]. Using simulated e+ implantation profile and spatial distribution of radiation 
defects, we estimated concentration of divacancies in the near-surface region as 1017 cm-3.  
 In the tungsten samples irradiated by W6+ ions (energy 20 MeV, fluence 1.6*1012 cm-

2) all primary defects (~0.003 dpa) are located within a 2 ��m near-surface layer. Assuming 
that 27 % of all positrons annihilate therein and the defect concentration Cd ~ 1020 cm-3 
exceeds the saturation limit, we determined the lifetime of positrons in the vacancy-type 
defects as �2d = 0.22 ns, which is essentially higher than lifetime in monovacancies. It indicates 
the presence of multivacancies. 
 
 
[1] Dubov L.Yu., Stepanov S.V., Funtikov Yu.V., Shtotsky Yu.V., Defect and Diffusion Forum, Vol. 373, pp 

209-212 (2016)  
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 The collaboration between positron annihilation experiments and supporting 
theoretical modeling has been especially fruitful in the identification of vacancy defects in 
crystalline matter [1] such as semiconductors, metals and alloys. As the structural complexity 
of the materials systems studied continues to increase, a larger number of defect candidates 
have to be considered computationally in order to be able to understand trends seen in 
experiments and the defects or defect complexes are behind the measured data. This is the 
usually the case in positron studies of complex oxides [2] where cation vacancies are usually 
complexed with one or more oxygen vacancies, in semiconductor alloys [3] or in 
multicomponent metallic alloys [4], in which point defects occur in many different atomic 
configurations. In best cases, thorough experimental work combined with simulations can 
provide a very detailed picture of the structural and chemical identities of vacancy defects 
detected [5]. 

The two-component density functional theory, which is typically the preferred method 
in defect studies, can quite reliably predict the ground-state of a thermalized positron in a 
given defect or nanostructure model in solid-state matter. On the other hand, correlated 
positron states such as surface states are difficult or even impossible to model using existing 
correlation functionals. In addition to the electron-positron correlation energy and potential, 
especially the positron annihilation rate and momentum density of annihilation radiation, are 
difficult to describe in a density-functional formalism.  

In this talk, I will discuss some of our past works combining experiment and theory in 
defect identification. The examples include semiconductors, complex oxides and metallic 
alloys. I will also discuss some future prospects and ongoing methodological developments. 
For example, how recent advances of electronic-structure methods could, in principle, be 
adapted to calculating defect and charge-state-specific trapping rates in semiconductors. Most 
importantly, I will discuss our preliminary work beyond density-functional theory, namely 
applying quantum Monte Carlo methods to positrons in condensed matter systems [6]. 
 
 
[1] F. Tuomisto and I. Makkonen, Reviews of Modern Physics 85, 1583 (2013). 
[2] I. Makkonen, E. Korhonen, V. Prozheeva, and F. Tuomisto, Journal of Physics: Condensed Matter 28, 

224002 (2016). 
�>���@���9�����3�U�R�]�K�H�H�Y�D�����,�����0�D�N�N�R�Q�H�Q�����5�����&�X�V�F�y���� �/���� �$�U�W�~�V���� �$�����'�D�G�J�D�U�����)���� �3�O�D�]�D�R�O�D�� and F. Tuomisto, Applied Physics 

Letters 110, 132104 (2017). 
[4] F. Tuomisto, J. Heikinheimo, I. Makkonen et al. (unpublished). 
[5] C. Rauch, I. Makkonen and F. Tuomisto, Physical Review B 84, 125201 (2011); K. M. Johansen, A. Zubiaga, 

I. Makkonen, F. Tuomisto, P. T. Neuvonen. K. E. Knutsen, E. V. Monakhov, A. Y. Kuznetsov, and B. G. 
Svensson, Physical Review B 83, 245208 (2011); F. Linez, I. Makkonen and F. Tuomisto, Physical Review B 
94, 014103 (2016). 

[6] K. Simula, I. Makkonen et al. (unpublished). 
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 Interactions of positronium (Ps) atoms with materials have long been of interest in 
research fields, such as atomic and molecular physics, material science and radiation 
chemistry. When Ps atoms interact with solid surfaces, specular reflection [1] and the spin 
conversion reaction [2], as well as pick-off annihilation, may take place. If a coherent beam of 
Ps atoms impinges onto single-crystal surfaces, the diffraction phenomenon of elastically 
scattered Ps atoms might also occur. This technique might be a unique probing of surface 
structures owing to the neutrality, lightness and outermost surface sensitivity of Ps [3]. 
However, because of Ps neutrality and short-lived nature, the production of a Ps beam, that is 
applicable to surface scattering studies, is very challenging. 
 In recent years, we have succeeded in the efficient generation of positronium negative 
ions (Ps-), in which an electron is weakly bound to a positronium atom [4]. This technique 
made it possible to observe its photodetachment [5] and resonant photodetachment [6], and 
consequently to produce an energy-tunable Ps beam [7]. In the present work, we show the 
production of a collimated, tunable Ps beam based on a trap-based positron system [8], which 
can output nano-second positron bursts. Those positron bursts were magnetically guided and 
focused onto an efficient Ps- converter, a Na-coated W(100) film of 100 nm thick [4]. The Ps- 
ions emitted from the opposite surface of the film were focused and accelerated by a simple 
electrostatic lens and then photodetached by a nano-second IR laser pulse to form a Ps beam 
in the energy range of 200 eV �± 3300 eV. In order to reduce the angular divergence, a 
collimator with a diameter of 1 mm was installed, resulting in a collimated beam with an 
angular spread of less than 0.1 degrees. This high quality beam can be applied to positronium 
diffraction experiments with the grazing incidence geometry. 
 
 
[1] M. H. Weber et al., Phys. Rev. Lett. 61 (22), 2542 (1988). 
[2] C. Dauwe and Mbungu-Tsumbu, Phys. Rev. B 45, 9 (1992). 
[3] K. F. Canter, Positron Scattering in Gases, p219 (1983). 
[4] Y. Nagashima, Phys. Rep. 545, 95�±123 (2014). 
[5] K. Michishio et al., Phys. Rev. Lett. 106, 153401 (2011).  
[6] K. Michishio et al., Nature Commun. 7, 11060 (2016). 
[7] K. Michishio et al., Appl. Phys. Lett. 100, 254102 (2012). 
[8] R. G. Greaves and J. Moxom, AIP Conf. Proc. 692, 140 (2003). 
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Assembly of J-PET prototype consisting of 192 detection modules, read out by 
constant multi-threshold digital electronics, was recently finished at Jagiellonian University. 
Before its construction two smaller prototypes were developed, build out from 24 and 2 
modules [1, 2, 3]. 

These systems were extensively used for tests of calibration and optimisation 
techniques as well as development of acquisition system which final version was used in 
current prototype. 
In this presentation a description of performance of first J-PET prototypes will be presented 
and discussed. 

 
 
�>���@���3�����0�R�V�N�D�O�����6�]�����1�L�H�G�(�Z�L�H�F�N�L���H�W���D�O������Nuclear Instruments and Methods in Physics Research Section A 764, 317 

(2014)  
�>���@���/�����5�D�F�]�\���V�N�L���H�W���D�O������Physics in Medicine & Biology 62, 5076 (2017) 
[3] T. Bednarski, PhD Thesis 2016. 
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Positronium atoms that have been optically excited to specific Rydberg-Stark states 

[1] can be used for many experiments that cannot be performed with ground state atoms. This 
�L�V���S�U�L�P�D�U�L�O�\���E�H�F�D�X�V�H���W�K�H���H�[�F�L�W�H�G���V�W�D�W�H�V���H�V�V�H�Q�W�L�D�O�O�\���G�R�Q�¶�W���D�Q�Q�L�K�L�O�D�W�H�����D�Q�G���Z�L�O�O���Wherefore live for 
times determined by fluorescence (typically microseconds or longer [2]. In addition to having 
extended lifetimes, Rydberg Ps atoms can also be manipulated using inhomogeneous electric 
fields owing to their large electric dipole moments [3]. Thus, it is possible to produce a long-
lived Ps beam that can in principle be decelerated and focused [4], although so far we have 
only demonstrated Ps velocity selection, using a curved quadrupole guide [5]. Nevertheless, 
this configuration is well-suited to the production of merged beams [6], allowing Ps 
interactions with other atomic and molecular species to be studied. This arrangement would, 
for example, be ideal for experiments designed to observe the production of positron-atom 
bound states [7] with very high efficiency, since the relative velocities of the Ps and the atom 
beam can be made to be low.  I will discuss the Rydberg-Ps beam production experiments that 
have been conducted so far, and consider future prospects and applications. 

 
 

[1] Selective Production of Rydberg-Stark States of Positronium���� �7���×�(���� �:�D�O�O���� �$���×�0���� �$�O�R�Q�V�R���� �%���×�6���� �&�R�R�S�H�U���� �$����
�'�H�O�O�H�U�����6���×�'�����+�R�J�D�Q�����D�Q�G���'���×�%�����&�D�V�V�L�G�\�����3�K�\�V�����5�H�Y�����/�H�W�W����114, 173001 (2015). 

[2] Measurement of Rydberg positronium fluorescence lifetimes, A. Deller, A. M. Alonso, B. S. Cooper, S. D. 
Hogan, and D. B. Cassidy, Phys. Rev. A 93, 062513 (2016). 

[3] Electrostatically Guided Rydberg Positronium���� �$���� �'�H�O�O�H�U���� �$���×�0���� �$�O�R�Q�V�R���� �%���×�6���� �&�R�R�S�H�U���� �6���×�'���� �+�R�J�D�Q���� �D�Q�G��
�'���×�%�����&�D�V�V�L�G�\�����3�K�\�V�����5�H�Y�����/�H�W�W������������������������������2016). 

[4] Rydberg-Stark deceleration of atoms and molecules, S. D. Hogan, EPJ Tech. Instrum. 3, 1 (2016). 
[5] Velocity selection of Rydberg positronium using a curved electrostatic guide, A. M. Alonso, B. S. Cooper, A. 

Deller, L. Gurung, S. D. Hogan, and D. B. Cassidy, Phys. Rev. A 95, 053409 (2017). 
[6] 3D-Printed Beam Splitter for Polar Neutral Molecules�����6�H�D�Q���'���×�6�����*�R�U�G�R�Q���D�Q�G���$�Q�G�U�H�D�V���2�V�W�H�U�Z�D�O�G�H�U�����3�K�\�V����

Rev. Applied 7, 044022 (2017).  
[7] Formation of positron-atom bound states in collisions between Rydberg Ps and neutral atoms A. R. Swann, 

D. B. Cassidy, A. Deller, and G. F. Gribakin, Phys. Rev. A 93, 052712 (2016). 
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At AIST, a dedicated electron accelerator is used to produce an intense slow positron 
beam. This facility is primarily dedicated to materials research via positron annihilation 
lifetime spectroscopy (PALS). PALS measurements may be performed with unfocussed (~10 
mm) or focused (~50-100 �Pm) variable energy (~ 1 �± 30 keV) pulsed slow positron beams [1]. 
The focused microbeam uses a single stage transmission type re-moderator and can measure 
positron lifetimes with a temporal resolution of around 200-300 ps [2]. This microbeam 
(PPMA: Positron Probe MicroAnalyzer) can be used to perform 1D scans or 2D maps of 
positron lifetime (and thus defect or free volume size distributions) of the sample [3]. We also 
have developed techniques to extract the beam into air through a thin vacuum window for 
achieving PALS in actual environmental condition [4]. Our accelerator based slow positron 
beamline facility is open to external (both domestic and international) users through the 
�³�1�D�Q�R�W�H�F�K�Q�R�O�R�J�\���3�O�D�W�I�R�U�P�´���R�S�H�Q���D�F�Fess program [5]. 

In addition to our work with slow positron beams, we are also interested in developing 
techniques for PALS in bulk (~ cm sized) samples. To this end, we have performed 
preliminary experiments using positrons generated inside the sample by high energy photons 
from a very short pulse length (~ps) S-band electron accelerator [6]. 
 In the presentation we will give an overview of some recent research at our facility 
and outline some of our plans for further developments.  
 
 
[1] �%�����(�����2�¶�5�R�X�U�N�H��et al., JJAP Conf. Proc. 2 011304 (2014) 
[2] N. Oshima et al., J. Appl. Phys. 103 094916 (2008) 
[3] N. Oshima et al., Appl. Phys. Lett. 94 194104 (2009) 
[4] W. Zhou et al., Appl. Phys. Lett. 101, 014102 (2012) 
[5] http://nanonet.mext.go.jp/ 
[6]Y. Taira et al., Rad. Phys. Chem. 95 30 (2013) 
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At present, a reactor-based slow positron beamline, as a part of joint usage research 
facilities, is under development at the Kyoto University Research Reactor (KUR) [1�±4] in 
order to promote the research on nuclear and other advanced materials using energy-variable 
slow positron beams. To date, slow positron production tentatively measured was 1.4�î106 s-1 

under 1 MW reactor operation [2] (Maximum 5 MW).  The KUR beamline mainly consists of 
a positron source [2], a brightness enhancement system [3], a pulsing system [4] and an 
experiment chamber. 

A brightness enhancement technique for positron beams has been studied at several 
facilities for getting high-brightness and low-emittance beams [5, 6]. We use this technique to 
reduce the beam size from around 30 mm to several mm while keeping the beam intensity as 
high as possible. Our brightness enhancement system was designed based on the positron 
microprobe developed at AIST [5] and has been already installed at the beamline. Brightness-
enhanced beams are obtained by focusing the accelerated positron beams (5 keV) at the 
transmission-type remoderator (single-crystal Ni thin film). In our design, the remoderator 
can be easily retracted from the center of the beamline to adjust the beam transport. 
 As the KUR has not been in operation for approximately three years (from June, 2014) 
to comply with new safety regulations, we performed preliminary operation tests by electron 
beams with respect to the beam extraction from a transport magnetic field and focusing using 
a magnetic lens. For comparison, we also performed the trajectory analysis of positron beams 
in the several types of configurations by using GPT [7] and Poisson Superfish [8] codes. 
In this presentation, we will report the above experimental and calculation results together 
with the introduction of the recent developments of our slow positron beamline. 
 
 This study was financially supported by Innovative Nuclear Research and 
Development Program of Ministry of Education, Culture, Sports, Science and Technology. 
We thank all colleagues of Tohoku Univ., Kyoto Univ., KEK, and Tokyo Univ. of Science for 
their invaluable help. 
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[3] Y. Kuzuya et al., J. Phys. Conf. Ser. 791 (2017) 012012. 
[4] A. Yabuuchi et al., J. Phys. Conf. Ser. 791 (2017) 012013. 
[5] N. Oshima et al., J. Appl. Phys. 103 (2008) 094916. 
[6] C. Hugenschmidt et al., New J. Phys. 14 (2012) 055027. 
[7] S. B. van der Geer and M. J. de Loos, The General Particle tracer code: Design, implementation and 

application (2001). 
[8] M. T. Menzel and H. K. Stokes, User�¶s Guide for the POISSON/SUPERFISH Group of codes, Report LA-
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 If the Nature was utterly symmetric the matter would not exist. Yet, processes driven 
by the gravitational, electromagnetic and strong interactions seem to be symmetric with 
respect to reflection in space (P), reversal in time (T) and charge conjugation (C). So far 
violations of these symmetries were observed only in processes governed by the weak 
interaction. Interestingly, though the matter which we know is made of quarks and leptons, 
violation of CP and T symmetries have been observed only for systems including quarks, and 
it has not yet been discovered in any processes involving purely leptonic matter. Positronium 
is the lightest purely leptonic object decaying into photons. As an atom bound by a central 
potential, it is a parity eigenstate, and as an atom built out of an electron and an anti-electron, 
it is an eigenstate of the charge conjugation operator. Therefore, the positronium is a unique 
laboratory to study discrete symmetries whose precision is limited, in principle, by the effects 
due to the weak interactions expected at the level of 10-14 and photon�±photon interactions 
expected at the level of 10-9. The newly constructed Jagiellonian Positron Emission 
Tomograph (J-PET) enables to perform tests of discrete symmetries in the leptonic sector via 
the determination of the expectation values of the discrete-symmetries-odd operators, which 
may be constructed from the spin of ortho-positronium atom and the momenta and 
polarization vectors of photons originating from its annihilation. We will present the potential 
of the J-PET detector to test the C, CP, T and CPT symmetries in the decays of positronium 
atoms and report on results from the first data-taking campaigns. The J-PET detector, built of 
plastic scintillators, provides superior time resolution, high granularity, low pile-ups rate, and 
�R�S�S�R�U�W�X�Q�L�W�\�� �R�I�� �G�H�W�H�U�P�L�Q�L�Q�J�� �S�K�R�W�R�Q�¶�V�� �S�R�O�D�U�L�]�D�W�L�R�Q���� �7�K�H�V�H features allow us to expect 
a significant improvement in tests of discrete symmetries in decays of positronium atom 
(a purely leptonic system). 
 
 
[1] J-PET: P. Moskal et al., Acta Phys. Polon. B 47, 509 (2016)  
[2] J-PET: A. Gajos et al., Nucl. Instrum. Meth. A 819, 54 (2016)  
[3] J-�3�(�7�����'�����.�D�P�L���V�N�D���H�W���D�O������Eur. Phys. J. C 76, 445 (2016)  
[4] J-PET: P. Moskal et al., Phys. Med. Biol. 61, 2025 (2016)  
[5] J-PET: P. Moskal et al., Nucl. Instrum. Meth. A 775, 54 (2015)  
[6] J-PET: P. Moskal et al., Nucl. Instrum. Meth. A 764, 317 (2014)  
[7] J-PET: J. Smyrski et al., Nucl. Instrum. Meth. A 851, 39 (2017)   
[8] J-PET: L. R�D�F�]�\���V�N�L���H�W���D�O������Phys. Med. Biol. 62, 5076 (2017) 
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The 3�J fraction determination in positron annihilation is one of the most common 
analysis of the porous materials. It was successfully applied many times to search materials 
for experiments containing high porosity targets. 

However in the case of the materials containing small free volumes like polymers, 
annihilation into 3�J is usually neglected, for example in PALS measurements. The attention is 
paid mainly on the o-Ps lifetime value while the component intensity is less used and rarely 
interpreted. It is known that in the dense matter, 30-40% of positrons create positronium 
which can be trapped in free spaces between molecules. There exists correlation between the 
o-Ps lifetime value �Wo-Ps and the free volume size; the larger is volume the longer is the 
lifetime value. On the other hand it is known that the longer is the lifetime value the larger 
fraction of ortho-positronium annihilate with emission of three gamma quanta. One can state 
the fraction of three gamma annihilation reflects free volumes size (lifetime value) and their 
concentration (intensity value).  

The idea of determination of the relative change of the 3�J fraction in the investigated 
material in comparison to the reference material is proposed. It can be used to follow changes 
in the porosity of the investigated materials depending on the preparation conditions or 
measurements temperature, for example. 

The proposed idea can be also treated as a keystone to preparation new imaging 
method during positron emission tomography. PET is a commonly recognized diagnostic 
method enabling imaging of the metabolism of chosen substances in the living organism. The 
PET imaging is based on an annihilation of the positron emitted by radiofarmaceutical with an 
electron from the body of the patient into two gamma quanta with energy of 511 keV each. 
One of the most important applications is imaging of patients tumour location and size and 
aiming at the search for the possible metastases as metabolism rate rises significantly in 
theese places and in effect the number of annihilating positrons.  

Method proposed here is based on a ratio of three gamma annihilation (from trapped 
ortho-positronium decay) and two gamma (produced in other processes). 

The f3�J2�J��= N3�J���1���J can be determined experimentally as a ratio of the number of 3�J and 
2�J events emitted from the patient during PET investigation. It may be used as a measure 
(morphometric indicator) of the degree of the tissue modification in the investigated 
organism.  
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 The pulsed low energy positron system PLEPS [1] is a user facility for defect depth-
profiling with positron lifetime measurements using a monochromatic pulsed positron beam 
of variable implantation energy at the intense positron source NEPOMUC at the MLZ in 
Garching, Germany [2].  
 At present, it is possible to measure with PLEPS positron lifetime spectra in the 
energy range between 0.5 keV and 20 keV with count-rates between 5000-10000 counts per 
second, depending on the sample. It takes typically about 10 minutes for a lifetime spectrum 
with more than 3�u106 counts at a single energy. A full depth-profile with 10-15 energies 
requires about 2-4 hours. Depending on the detector, an overall time-resolution of 220 ps-280 
ps and peak-to-background ratios of up to 1�u105 can be routinely achieved with a time-
window of 40 ns [3]. For precise measurements of long lifetimes (> 5 ns) it is now possible to 
extend the time window to 160 ns at an overall time resolution of 300 ps.  
 Besides defect identification in thin layers and layered structures of semiconductors, 
insulators, irradiated materials typical applications of PLEPS comprise also the 
characterization of open volumes in glasses [4], polymers, polymer- and membrane layers [5].   
 In this talk we will describe the present setup of PLEPS and its performance, show 
some exemplary applications in the field of polymers, polymer and membrane layers and give 
an  outlook of new developments.   
 
 
[1] W. Egger, in �3�U�R�F�H�H�G�L�Q�J�V���R�I���W�K�H���,�Q�W�H�U�Q�D�W�L�R�Q�D�O���6�F�K�R�R�O���R�I���3�K�\�V�L�F�V���³�(�Q�U�L�F�R���)�H�U�P�L�´�����&�R�X�U�V�H���&�/�;�;�,�9 (eds. A. 

Dupasquier and A. P. Mills jr.), IOS Press: Amsterdam, 419 (2010). 
[2] Ch. Hugenschmidt, and C. Piochacz, J. large scale research facilities JLSRF 1, A 22 (2015). 
[3] W. Egger, J. large scale research facilities JLSRF 1, A 25 (2015). 
[4] T. Koschine et al., J. Polym. Sci. Part B 53, 213 (2015). 
[5] M. Zanatta et al., Phys. Rev. Lett. 112, 045501 (2014). 
 
  



12 th  International Workshop on Positron and Positronium Chemistry   

August 28 - September 01, 2017 
Lublin, Poland 

 O44 | Two-component density functional study of positron-vacancy interaction in 
metals and semiconductors 

 
S. Ishibashi* 

 
Research Center for Computational Design of Advanced Functional Materials (CD-FMat), 

AIST, 1-1-1 Umezono, Tsukuba, Ibaraki 305-8568, Japan 
 
*email: shoji.ishibashi@aist.go.jp 
 
 The positron can be utilized as a powerful probe for detecting vacancy-type defects in 
various solids, since positrons are selectively trapped there [1,2]. Theoretical calculations are 
often crucial in interpreting experimental results and in identifying defect species. To describe 
�W�K�H�� �S�R�V�L�W�U�R�Q�� �V�W�D�W�H�� �L�Q�� �V�R�O�L�G�V���� �Z�K�H�U�H�� �P�D�Q�\�� �Q�X�F�O�H�L�� �D�Q�G�� �H�O�H�F�W�U�R�Q�V�� �H�[�L�V�W���� �%�R�U�R���V�N�L�� �D�Q�G�� �1�L�H�P�L�Q�H�Q��
proposed the two-component density-functional-theory formalism [3]. In many practical 
calculations, a simplification is made assuming that the positron affects neither the electronic 
�V�W�U�X�F�W�X�U�H�� �Q�R�U�� �W�K�H�� �D�W�R�P�L�F�� �D�U�U�D�Q�J�H�P�H�Q�W���� �7�K�L�V�� �V�L�P�S�O�L�I�L�H�G�� �V�F�K�H�P�H�� �L�V�� �F�D�O�O�H�G�� �³�F�R�Q�Y�H�Q�W�L�R�Q�D�O��
�V�F�K�H�P�H�´���� �6�R�� �I�D�U���� �W�K�H�U�H�� �K�D�Y�H�� �E�H�H�Q�� �D�� �O�L�P�L�W�H�G�� �Q�X�P�E�H�U�� �R�I�� �D�S�S�O�L�F�D�W�L�R�Q�V�� �R�I�� �W�K�H�� �W�Z�R-component 
scheme in calculating positron states trapped at defects. One reason is that the computational 
cost for the two-component scheme is approximately 10 times higher than that for the 
conventional scheme. Another reason is that, in many cases, the conventional scheme and the 
two-component scheme give similar annihilation parameters (Doppler broadening spectra and 
positron lifetimes) because of the feedback effect [4]. We calculated Doppler-broadening 
spectra and positron lifetimes using the two schemes for divacancies in C, Si, Ge, SiC, AlN, 
GaN and InN and found that the difference between the two schemes depends on the bulk 
modulus [5]. For the relatively soft materials Si and Ge, the difference is significant. 
 In this study, the positron-vacancy interaction has been investigated systematically in 
d-block metals (except for Mn, Tc, and Hg) [6], Mg and Al as well as in III-V and II-VI 
semiconductors. Positron states and lifetimes for (cation) vacancies in these metals and 
semiconductors have been calculated by the conventional (CV) scheme and the two-
component (TC) scheme with and without atomic-position relaxation. As an example of the 
results, the degree of atomic-position relaxation around the vacancy for metals is shown in 
Fig. 1. 

 

Fig.1. Z(atomic number)-dependence of the change in average distance �û�G of the nearest-neighbor 
atoms from the vacancy center after atomic-position relaxation 

 
[1] M. J. Puska and R. M. Nieminen, Rev. Mod. Phys. 66, 841 (1994) 
[2] F. Tuomisto and I. Makkonen, Rev. Mod. Phys. 85, 1583 (2013). 
�>���@���(�����%�R�U�R���V�N�L���D�Q�G���5�����0�����1�L�H�P�L�Q�H�Q����Phys. Rev. B 34, 3820 (1986) 
[4] M. J. Puska, A. P. Seitsonen and R. M. Nieminen, Phys. Rev. B 52, 10947 (1995) 
[5] S. Ishibashi and A. Uedono, J. Phys.: Conf. Ser. 674, 012020 (2016) 
[6] S. Ishibashi, J. Phys. Soc. Jpn. 84, 083703 (2015) 
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 Titanium is an exothermic absorber of hydrogen. In the hydride phase Ti is able to 
absorb the hydrogen concentration as high as 1.4 wt.%. These properties make Ti and Ti-
based alloys attractive for hydrogen storage applications. Hydrogen absorbed in Ti lattice may 
be trapped at open volume defects like vacancies, dislocations or grain boundaries. Hydrogen 
is not only trapped at existing defects but new defects can be also introduced by hydrogen 
loading. For these reasons it is very important to investigate interaction of hydrogen with 
defects in Ti. 
In the present work hydrogen interaction with vacancies and vacancy-like defects in Ti was 
investigated employing positron lifetime spectroscopy combined with ab-initio theoretical 
modeling of vacancy hydrogen complexes.  
 Ab-initio modeling revealed that multiple hydrogen atoms can be trapped at vacancies 
in �D-Ti lattice. In the lowest energy configuration hydrogen atoms are located close to the 
nearest neighbor tetrahedral sites around vacancy, see Fig. 1a. Lifetimes of positrons trapped 
at vacancies surrounded by various number of hydrogen atoms were calculated and are plotted 
in Fig. 1b. The equilibrium concentration of vacancy�±hydrogen complexes has been 
calculated as well.  
 Positron lifetime measurement revealed that phase transition into the hydride phase is 
always accompanied by introduction of dislocations. Vacancies are created by hydrogen 
loading as well and agglomerate into small vacancy clusters. Absorbed hydrogen segregates 
at inner surfaces of these vacancy clusters.  

 
Fig.1. (a) Schematic depiction of a vacancy surrounded by 8 hydrogen atoms in the nearest neighbor 
tetrahedral sites; (b) calculated lifetimes of positrons trapped at vacancies surrounded by various 
numbers of hydrogen atoms. 
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We will discuss theoretical and experimental data related to a microstructure of the 
phosphorus-vacancy complex which has been elusive from observation for decades in float 
zone silicon single crystals, n�±FZ�±Si(P). A surprising behaviour of the positron lifetime was 
investigated in the course of annealing of material irradiated by 0.9-MeV electrons. It turns 
out that a well-known procedure of isochronal annealing of irradiated wafers for restoring the 
electrical activity of the phosphorus dopant by decomposing the phosphorus-vacancy pairs of 
radiation origin (so-called E�±centers) is far from perfection: a considerable amount of the 
impurity atoms of phosphorus are remaining inactive as the shallow donors in the course of 
isochronal annealing from ~ 10���� �ƒ�&��to ~�������� �ƒ�&. A new approach is needed because much 
higher annealing temperatures are required for restoring electrical parameters of the irradiated 
material which is of paramount importance for the semiconductor technology.  

To gain insight into microstructure of thermally stable radiation centers suppressing 
electrical activity of the phosphorus dopant we have investigated their isochronal annealing.  

The decomposing of these centers was found to begin at �a�� �������� �ž�& [1]. The defect-
�U�H�O�D�W�H�G���O�R�Q�J���S�R�V�L�W�U�R�Q���O�L�I�H�W�L�P�H���22 ~ 278 ps is steady up to the limit of its reliable detecting at 
the annealing temperature �a�� �������� �ž�&���� �W�K�H�� �D�Y�H�U�D�J�H�� �S�R�V�L�W�U�R�Q�� �O�L�I�H�W�L�P�H���2av just approaches to the 
value 216 ps characteristic of the non-irradiated material.    

These data correlate with the ones of low-temperature Hall effect measurements 
demonstrating for the same material that the isochronal annealing is complex. Three stages 
�Z�H�U�H���I�R�X�Q�G���I�R�U���U�H�F�R�Y�H�U�\�� �R�I���W�K�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���F�K�D�U�J�H���F�D�U�U�L�H�U�V���D�Q�G���P�R�E�L�O�L�W�\���>���@�����a�����������ž�&���± 
���������ž�&�����a�����������ž�&���± ���������ž�&�����D�Q�G���D�W���a�����������ž�&���± �������ž�&���W�K�H��annealing is accomplished.  
It is argued that the thermally stable defects are the phosphorus-vacancy complexes, P�±Vop. 
The open vacancy volume Vop �W�R���E�H���F�K�D�U�D�F�W�H�U�L�]�H�G���E�\���O�R�Q�J���S�R�V�L�W�U�R�Q���O�L�I�H�W�L�P�H���22 ~ 278 ps in P�±
Vop complex is compared with theoretical data available for the vacancies and divacancies. 

The extended semi-vacancies, 2Vs-ext, and relaxed vacancies, 2Vinw, are proposed as 
the open volume Vop. It is suggested that larger number of P�±Si bonds (at least, five; PSi5) in 
the microstructure Vs-ext �±P�±Vs-ext underlies its high thermal stability. In this case the open 
volume Vop is equal to 2Vs-ext and Vs-ext�±P�±Vs-ext complex possesses a distorted D3d (or Oh ) 
symmetry. In the light these data, a necessity of reconsideration of the whole conception of 
formation of the positron-sensitive phosphorus-vacancy complexes in silicon is shortly 
discussed.  
 
[1] N. Arutyunov, V.Emtsev,  R. Krause-Rehberg , M. Elsayed, G. Oganesyan, and  
      V. Kozlovski, Phys. Stat. Sol. (c), 13, 807 (2016)  
[2] V.V. Emtsev, N.V. Abrosimov, V.V. Kozlovski, G.A. Oganesyan, and D.S. Poloskin, 
      Semiconductors 50, 1291 (2016).@ Pleiades Publishing Ltd., 2016 
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The Jagiellonian Positron Emission Tomograph (J-PET) is the first PET built from 
plastic scintillators. J-PET prototype consists of 192 detection modules arranged axially in 
three layers forming a cylindrical diagnostic chamber with the inner diameter of 85 cm and 
the axial field-of-view of 50 cm. An axial arrangement of long strips of plastic scintillators, 
their small light attenuation, superior timing properties, and relative ease of the increase of the 
axial field-of-view opens promising perspectives for the cost effective construction of the 
whole-body PET scanner, as well as construction of MR and CT compatible PET inserts. 
Present status of the development of the J-PET tomograph and its possibilities for multi-
photon and positronium imaging will be presented and discussed. 
 
 
[1] J-PET: P. Moskal et al., Nucl. Instrum. Meth. A 764, 317 (2014) 
[2] J-PET: P. Moskal et al., Nucl. Instrum. Meth. A 775, 54 (2015)  
[3] J-PET: P. Moskal et al., Acta Phys. Polon. B 47, 509 (2016)  
[4] J-PET: A. Gajos et al., Nucl. Instrum. Meth. A 819, 54 (2016)  
[5] J-�3�(�7�����'�����.�D�P�L���V�N�D���H�W���D�O������Eur. Phys. J. C 76, 445 (2016)  
[6] J-PET: P. Moskal et al., Phys. Med. Biol. 61, 2025 (2016) 
[7] J-PET: J. Smyrski et al., Nucl. Instrum. Meth. A 851, 39 (2017) 
[8] J-�3�(�7�����/�����5�D�F�]�\���V�N�L���H�W���D�O������Phys. Med. Biol. 62, 5076 (2017) 
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 Positron annihilation spectroscopy (PAS) is often performed using radioactive sources 
for bulk measurements or positron beams for depth resolved measurements.  Both have many 
advantages and great capabilities for a variety of applications.  In the recent history, we have 
shown that PAS can be also carried out directly using high energy photons without creating 
positron source or positron beams [1,2].  This approach brings unique capabilities for some 
specific applications and promotes the use of PAS in new areas of materials science and 
probably in industrial applications.  Some of the important applications include developing 
new nondestructive highly penetrating sensitive probe for structural and engineering 
materials. I will present some data to support this claim.  It can also greatly advance the 
applications of PAS in semiconductors, electronic and photonic materials as well as in 
polymers, ceramics and liquids. The recently developed Gamma induced positron 
spectroscopy (GIPS) [3,4] in HZDR in Dresden provides a state of the facility for many of 
these applications [5].   

It In this talk, I will present the history and development of the technique, the current 
and future facilities.  A facility for this technique can be easily incorporated in a wide range of 
accelerators and nuclear reactors at modest cost.  I will show examples for that including the 
use of table top electron accelerators and Van De Graff accelerators and present a concept and 
design for its incorporation in a small research nuclear reactor.    

When incorporated with pulsed accelerators, this technique may trigger novel studies 
of transient states in matter and explore several solid-state processes that take place on short 
time scale [6].        
 
 
[1] F. A. Selim, D.P. Wells., J. F. Harmon, and J. Williams, Journal of Applied Physics 97, 113539 (2005).  
[2] F. A. Selim, D.P. Wells., J. F. Harmon, Review Scientific. Instruments. 76, 033905 (2005) 
[3] A. Wagner et al., Journal of Physics: Conference Series 618, 012042 (2015). 
[4] A. Wagner et al., Defect Diff. Forum. 331, 41-52 (2012). 
[5] J. Ji et al, Scientific Reports 6, 31238, 2016. 
[6] F. A. Selim, Physics Letters A 344, p. 291, 2005. 
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Considerable similarity between a positronium atom (Ps) in matter and an exciton in a 
quantum dot is indicated. Following this, we apply the calculation regime from the theory of 
excitons to describe some aspects of formation of a Ps in matter. We consider the possibility 
of photonic deexcitation during Ps formation and show the way of calculation of its 
probability.  

The photonic transitions speculated here, if detected, allows improving experimental 
studies of solid matter with positron techniques. 
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 The interactions of energy and particles in asymmetric substances has been of 
fundamental research interest since the discovery of chirality [1]. A well-studied asymmetric 
�F�U�\�V�W�D�O�O�L�Q�H�� �P�D�W�H�U�L�D�O�� �L�V�� �.-quartz [2], which has a helical structure associated with its 
crystallographic z-�D�[�L�V���� �3�U�H�Y�L�R�X�V�O�\���� �Z�H�� �U�H�S�R�U�W�H�G�� �D�� �O�D�U�J�H�� �G�L�I�I�H�U�H�Q�F�H�� �L�Q�� �µ�I�U�H�H�� �S�R�V�L�W�U�R�Q�¶��
annihilation lifetime and intensity between samples of LH and RH quartz single crystals [3]. 
In the current project, we investigated natural versus synthetic quartz in z and non-z 
orientations using PALS to confirm asymmetric interactions and to compare different 
orientations. As before, we observed significant lifetime and intensity differences in free 
positronium annihilation for LH and RH quartz crystals (Figure 1). The trend was also found 
to be the same for the similar crystallographic orientations of LH or RH crystals; that is, the 
direction of incident positrons, z or non-z, did not affect the observed differences in lifetime 
and intensity trends. The results are attributed to differential interactions of positronium with 
the asymmetric lattice structures of LH and RH quartz. This result may point to the positron 
or positronium species being sensitive to the small electroweak energy difference between 
enantiomers [4]. Further, the results may be considered an example of particle stereo-
recognition. 

 

Fig.1. Lifetime and intensit�\���G�L�I�I�H�U�H�Q�F�H�V���L�Q���µ�I�U�H�H���S�R�V�L�W�U�R�Q�¶���D�Q�Q�L�K�L�O�D�W�L�R�Q���I�R�U��LH and RH chiral crystals. 
S / N / z / n represent synthetic and natural quartz, and the z and non-z crystal orientations, 
respectively. 
 
 
[1] L. Pasteur, CR Hebd. Acad. Sci., 26, 535 (1848). 
[2] H. Saito and T. Hyodo, Phys. Rev. Lett., 90, 19 (2003). 
[3] J.D. Van Horn, F. Wu, G. Corsiglia and Y.C. Jean, Def. Diffus. Forum, 373, 221 (2016). 
[4] R. Bast, et al., Phys. Chem. Chem. Phys., 13, 865 (2011). 
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The design of a database for positron interactions with biomolecular systems is 
outlined. The database contains only scattering cross sections, which are derived from theory. 
The data model is defined in a very flexible way, which facilitates its usage as a repository for 
weakly bound clusters of molecules and molecular systems with many tautomeric forms. 
one empty line.  

The focus on theoretical data allows to have a consistent set of data. The database 
should fulfill following purposes: 

�x work as a repository for cross section data, 
�x allow easy access to published data so, that the data can be used in computer program 

packages for simulation of positron tracks, 
�x provide benchmark data for other calculations and for experimentalists, 
�x and provide differential cross sections, which allow experimentalists to correct 

experimentally obtained integral cross sections.  
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 The mechanical properties of acrylonitrile butadiene styrene (ABS) objects 
manufactured using fused deposition modelling is subject of many studies due to the growth 
in popularity of this method of production. The most noticeable property of the material is its 
anisotropy of the mechanical behaviour caused mainly by introduction of voids throughout 
production process but also by different properties of filament build surfaces and weld 
interfaces. The recent studies suggest that the difference may result from various molecular 
structures of the build and the interface which occurs for different build orientation [1].  

In the research ABS specimens were subjected to positron annihilation lifetime 
spectroscopy (PALS) to explore possibilities of identifying differences in molecular structure 
inside the material. The set of specimens was prepared including square tiles and long 
rectangular tiles with all filament beads parallel to longer edge. Both types of tiles were 
produced with various filament overlapping parameter with overlapping both in horizontal 
and vertical direction. The results show that despite different overlapping parameters changes 
of the PALS parameters are small especially within the same specimen shape.  
 
 
[1] D. P. Cole, J. C. Riddick, H. M. Iftekhar Jaim, K. E. Strawhecker, N. E. Zander, Appl. Polym. Sci. 133 

(2016) DOI: 10.1002/APP.43671  
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 Increasing demands connected to various technological applications of polymer 
materials result in development of polymer composites reinforced with inorganic fillers. 
Polyamide is one of the basic engineering polymer materials. Its mechanical properties can be 
easily modified by using suitable fillers.  

The external load in such heterogeneous polymer systems causes micromechanical 
deformation processes determined to a large extent by the properties of the matrix polymer. 
One of the factors taken into account while considering the mechanisms of inelastic 
deformation in amorphous polymers is free volume. The volume excess is an important factor 
that enables local shear transformations [1,2]. On the other hand local free volume properties 
of the material can be determined directly by positron annihilation lifetime spectroscopy 
(PALS). 
 The materials investigated in this study were polyamide 6 and polyamide 6 composites 
with 15 and 30% of glass fibre, i.e., ArtAMID6 15GF and ArtAMID6 430GF. The tensile 
tests were performed for the paddle shaped specimens injection moulded in accordance with 
the appropriate standards. The test allowed us to obtain the stress-strain curves and determine 
the tensile properties of the samples. The positron lifetime measurements were performed for 
the as received samples and for the samples in the vicinity of the break after they failed. Local 
free volume size exhibited some distribution which was initially narrower for the composite 
samples in comparison to the polyamide 6 sample and became broader as a result of the 
deformation. This indicates that after deformation actual sizes of the local free volume are 
scattered over a broader range of radii in spite of the small changes of their mean size. The 
deformation caused also increase of the ortho-positronium intensity in the obtained positron 
lifetime spectra. 
 
 
[1] A.S. Argon, V.V. Butalov, P.H. Mott, U.W. Suter, J Rheol, 39, 377 (1995). 
[2] S. Goyanes, G. Rubiolo, W. Salgueiro, A. Somoza, Polymer 46, 9081 (2005). 
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The importance of functional polymeric material considering its properties at the 
molecular level has been attracting increasing attention in materials science. As an intuitive 
theoretical concept, the free volume has been widely used to explain the physicochemical or 
macroscopic properties correlated with molecular level of polymer [1]. Positron annihilation 
spectroscopy (PAS) was proved to be successful in characterizing for free-volume hole 
properties. Considering that free volume properties, e.g., free-volume hole size and 
concentration, of polymer can be well correlated with the detected orthopositronium (o-Ps) 
annihilation information (lifetime and intensity), of essential importance for the development 
of molecular insights is a better understanding of positron annihilation physical essence or 
characteristics in polymeric system with complex chemical environment [2,3]. 

Our previous studies of addition of chloride salt ions coordinated with chitosan 
molecular chains confirmed the chemical inhibition effect on positronium formation [4]. In 
the present work, we investigate the effect of three kind of anions existed in polymer matrix 
on positron annihilation characteristics. A combined use of positron annihilation lifetime 
spectroscopy (PALS) and Coincidence Doppler broadening (CDB) spectroscopy to illustrate 
how anions, including chloride ion, nitrate ion and acetate ion, coordinated in molecular 
chains influence the annihilation of thermalized positrons in chitosan matrix 
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[1] G. S. Grest and M. H. Cohen, Phys. ReV. B 21, 4113 (1980) 
[2] Kobayashi and Y. Zheng, Macromolecules 22, 2302 (1989) 
[3] Zubiaga, A and Garcia, J. A. Phys. Rev. B 75, 205305 (2007) 
[4] R. Xia and X. Z. Cao, Phy. Chem. Chem. Phy. 19, 3616 (2017) 
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The silicone rubber composite insulators are being increasingly used instead of 
porcelain or glass for outdoor insulation application. In this paper, the variations in surface 
microstructure of polydimethylsiloxane (PDMS) elastomers after argon plasma treating for 
different time have been investigated by X-ray photoelectron spectroscopy (XPS), slow 
positron beam and scanning electron microscope (SEM). Inorganic silica-like layer was 
probed by XPS, after 3 min or longer time of treatments. By using slow positron beam, the 
thicknesses of silica-like layer for 3 min, 5 min, and 10 min aged samples were estimated as 
26 nm, 28 nm and 80 nm, respectively. Among these 3 min and 5 min treated samples, the 
peak height in S(E) curve increased, indicating the accumulation of low molecular weighted 
(LMW) siloxanes beneath silica-like layer due to its blocking effect. However, the S(E) curve 
peak height of 10 min treated sample decreased dramatically. The result suggested that the 
silica-like layer cracked after long time of plasma treatment, and LMW oligomers diffused 
through these cracks. SEM images revealed that inorganic fi llers were also exposed after 10 
min of treatment, indicating the removing of polymeric sample surface. Then the silica-like 
layer grows thicker. Whereas, short time (�d3 min) argon plasma treatments can only remove 
surface preexisting LMW siloxanes and induce a few PDMS chain scission reactions on the 
sample surface. 
 

This work was financially supported by the National Natural Science Foundation of 
China (No. 21174108), the Science and Technology Project of China Southern Power Grid 
Co., Ltd. (K-GD2014-185). 
 
 
[1] B. Larson, et al., Langmuir 29, 12990 (2013). 
[2] A. T�yth, et al. J. Appl. Polym. Sci. 52, 1293 (1994). 
[3] P. Mallona, et al., Radiat. Phys. Chem. 68, 453(2003). 
[4] C. He, et al., J. Chem. Phys. 122, 214907 (2005). 
[5] Y. Zhu, et al., Polm. Degrad. Stab.91, 1448 (2006). 
[6] F. Zheng, et al., Appl. Surf. Sci. 283, 327 (2013). 
[7] H. Hillborg, et al., Polymer. 42, 7349 (2001). 
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 Nafion is perfluorosulfonated cation exchange membrane developed by du Pont de 
Nemours & Co. Inc. Nafion exhibits a high proton conductivity and excellent thermal and 
chemical stability. These properties make Nafion very attractive for applications in fuel cells 
and gas separation processes. Nafion exhibits mesoscopic structure consisting of hydrophobic 
polytetrafluoroethlylene (PTFE) skeleton and hydrophilic ionic clusters.  
 Gas transport through Nafion membrane is controlled by the morphology and size 
distribution of nanoscopic free volume holes providing suitable pathways. This makes 
characterization of free volume holes in Nafion extremely important. Ortho-positronium (o-
Ps) is a unique probe of nanoscopic free volume holes due to pick-off annihilation process 
which makes the o-Ps lifetime sensitive on the size of free volume hole where o-Ps is 
confined.  
 In this work we employed positron lifetime spectroscopy for investigation of the 
thermal development of free volumes in Nafion over a broad range of temperatures from -150 
to 150oC. Positron lifetime studies were combined with differential scanning calorimetry.  
 Our investigations revealed that the mean size of free volumes strongly increases with 
temperature. Two transition temperatures corresponding to a change in the slope of the 
temperature dependence of o-Ps lifetimes �Wo-Ps were identified, see Fig. 1a. The width of the 
size distribution of free volumes increases with temperature as well, see Fig. 1b. On the other 
hand, the Ps yield decreases with temperature as shown in Fig. 1c. Results of positron lifetime 
spectroscopy agree well with the curves obtained by differential scanning calorimetry.  

 

Fig.1. Temperature dependence of (a) the mean o-Ps lifetime �Wo-Ps; the width (one standard deviation) 
�Vo-Ps of the size distribution of free volumes; (c) the intensity of the Ps contribution in positron lifetime 
spectra.  
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Proton exchange membrane fuel cell (PEMFC) achieves a potential success as an 
alternative energy source due to its direct electricity conversion, being environmentally 
friendly and high efficiency. The improvement of an efficient PEMFC strongly depends on 
the development of a polymer electrolyte membrane (PEM) with high proton conductivity, 
low fuel cross-over and low cost. Positron annihilation lifetime spectroscopy (PALS) can 
describe the internal microstructure of the material. In PEM, free volume strongly affects 
membrane characteristics such as proton conductivity and fuel crossover. In this work, the 
variation of the free volume of Nafion HP JP membrane was investigated at a wide range of 
temperature and relative humidity. The influence of temperature and relative humidity on the 
microstructure of the membrane under study was detected by studying the variation of the o-
Ps lifetime �23 and its intensity I3. It was found that increasing temperature of the sample 
increases the value of �23 as a result of thermal expansion. Phase transition occurred from the 
glassy state to the rubbery state at glass transition temperature. The crystal structure and 
thermal stability were compared before and after heat treatment by wide angle x-ray 
diffraction and thermo gravimetric analysis, respectively. On the other hand, the effect of 
relative humidity up to 80% on the free volume has been also studied by PALS technique 
using a specially designed chamber and accurately controlled humidity system. A correlation 
between data obtained from PALS and proton conductivity measurement was successfully 
achieved. All the previous measurements were carried out under the same conditions to the 
standard Nafion NRE212 for comparison.  
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 The main component of tires is natural rubber, and various additives are added to 
increase the strength of the rubber. Carbon black (CB), which is dispersed in the rubber, is 
known to remarkably improve its mechanical properties. This reinforcing effect is thought to 
be related to the CB network, in which CB particles are connected to each other within a 3-nm 
thick layer, the so-called bound rubber, at the CB/rubber interface [1]. However, the detailed 
reinforcement mechanism is still unknown. In this study, we aimed to investigate the mobility 
of molecular chains in rubber by measuring the change in free volume within strained rubber 
with various amounts of carbon black filler by positron annihilation spectroscopy. 
 The rubber consisted of isoprene rubber 
(IR) filled with various amount of CB (N330). 
The rubber specimens were prepared by mixing 
IR, CB and 1 phr (phr: parts by weight per 100 
parts by weight of rubber) DCP (dicumyl 
peroxide)���D�V���W�K�H��crosslinking agent. The CB 
content was varied from 0 to 80 phr. The rubber 
samples were strained to a ratio of 160% with a 
tensile tester and several consecutive positron 
lifetime measurements were carried out in situ 
for about 100 hours in total. After releasing the 
samples, they were measured once again.  
 The o-Ps lifetime dependence on the CB 
content is shown in Fig.1. The o-Ps lifetime 
showed a minimum at 40 phr and generally no 
large changes were observed. The results shown 
in Fig. 1 were very similar to the dependence of the branch chain fraction of the CB network 
structure (number of branched chains / (number of branched chains + number of crosslinked 
chains)) on the CB content [1]. Afterwards, the o-Ps lifetime of the strained samples measured 
in situ. The o-Ps lifetime of the rubber samples hardly changed with and without strain. On 
the other hand, a decrease in the intensity of the o-Ps component was observed in the strained 
samples and the maximum decrease of 3 % was measured in the sample containing 40 phr 
CB. After releasing the sample, the intensity recovered. It is believed that the molecular 
chains in the amorphous phase become aligned  when subject to tensile stress, thus leading to 
a decrease in Ps formation.   
 
 
[1] A. Kato et al., Japan Rubber Association Magazine 87, 447 (2014).  
  

Fig.1. o-Ps lifetime dependence of CB content 
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 Positron annihilation lifetime spectroscopy (PALS) is a recognized method for the 
studies of nano-porosity (size distributions of nano-pores) in solids. However, to our 
knowledge, until recently [1], no special attempts were made to estimate the limits of 
application of this method to the study of elementary free volumes (EFV). The reason is that, 
in fact, no alternative methods, applied to the same problem, were discussed. Meanwhile, the 
studies of nano-porosity are extremely important for creation of novel polymer membrane 
materials and sorbents with the unique permeation (above 103 Barrer for O2) , specific surface 
(about 103 m2/g) and selectivity. The materials are used in solving the problems of ecology, 
chemistry and medicine. One of contemporary methods, which can be, in some extent, an 
alternative to PALS, is the low temperature gas sorption (LTGS). In this report, we discuss 
results of several investigations of polymer membrane materials and sorbents, where the both 
PALS and LTGS methods are used. Our conclusions on the ranges of application of the two 
methods are summerised in Table 1 according to pore size (micro-pore or nano-pore) and 
condition of the material (ready made membrane or powder).  
 
Table 1. Adequacy of PALS and LTGS methods for the studies of porous polymer materials  
 

          Pore size 
State  
of material 

 
Micro-pore 
<2 nm 

 
Meso-pore 
2-50 nm 

 
Powder 

               (1)  
PALS,  
LTGS (HK) 

               (3) 
LTGS 
(BJH) 

 
Membrane 

                (2) 
PALS 

LTGS   (4)  
(BJH),  
Sc-CO2 

 
HK and BJH in brackets indicate Horwath-Kawazoe and Barrett-Joyner-Halenda methods 
used to analyze low-temperature gas (N2) sorption (LTGS) curves. Inscription Sc-CO2 for 
membrane meso-pore (4) means sorption experiments on creation of meso-porosity in 
polymers swelled by CO2 in super-critical (Sc) state. Application of the two methods for EFV 
studies are determined by different conditions. For example, for PALS, the crucial point is 
concentration of the trapping centers (1018-1020 g-1), which has to be enough to localize Ps 
atom before annihilation. For LTGS, materials have to be only in the powder state.  
     Thus, both methods supplement each other in the research. 
 
 
[1] V.P. Shantarovich, V.G. Bekeshev, N.A. Belov, et.al. High Energy Chem. 50, 300 (2016). 
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The structural-dynamic state of amorphous systems can be characterized directly by 
internal probe techniques such as diffraction, scattering and relaxation, e.g., dielectric 
spectroscopy. In the indirect characterization, external atomistic (o-Ps) and molecular probes 
may be applied by means of positron annihilation lifetime spectroscopy (PALS) or electron 
spin resonance (ESR), respectively. Our recent combined PALS and ESR studies on a series 
of organics with various intermolecular interactions (VdW- vs. H-bonding) [1] and on three 
cis-1,4-poly (isoprenes) (1,4-PIP) of different molecular weight [2] revealed the mutual 
coincidences that suggest the common origin behind the crossover effects in the 
corresponding PALS and ESR responses. 

In our contribution we relate the annihilation behaviour of ortho-positronium (o-Ps) in 
1,4-PIP 10k to the spin probe reorientation of 2,2,6,6-tetramethyl-piperidinyl-1-oxyl 
(TEMPO) in 1,4-PIP 10k  via PALS and ESR as well as to the electric dipole relaxation 
dynamics of the pure medium from broadband dielectric spectroscopy (BDS). The o-Ps 
lifetime over a wide temperature range from 100 K up to 350 K exhibits four regions of 
different free volume behaviour with three characteristic PALS temperatures: Tg

PALS, Tb1
L and 

Tb2
L. These findings are in good coincidence with the characteristic ESR bend effects at 

Tx1
slow, Tx2

slow, T50G and Tx1
fast, Tx2

fast. Next, relaxation dynamics of 1,4-PIP 10k as 
investigated by BDS [3] revealed that the various aspects of the structural relaxation above Tg 
are responsible for the PALS and ESR crossover effects. Finally, the �D-relaxation can be 
described in terms of the two order parameter (TOP) model [4] with the mutual relationships 
between Tm

c �# Tb1
L �# Tx1

fast  and TA �# Tb2
L �| Tx2

fast  indicating the common physical origin of 
the structural-dynamic changes. 

 

Fig.1. a) Mean o-Ps lifetime (�W3) vs. spectral parameter of TEMPO mobility (2A�=�=�¶) 1,4-in PIP 10k as a function 
of temperature b) Structural relaxation time (�W�D) in terms of the TOP model with its characteristics: Tm

c and TA. 
 
 
[1] �+���â�Y�D�M�G�O�H�Q�N�R�Y�i�����0���,�V�N�U�R�Y�i-�0�L�N�O�R�ã�R�Y�L�þ�R�Y�i�����9���0�D�M�H�U�Q�t�N�����-���.�U�L�ã�W�L�D�N�����-���%�D�U�W�R�ã��Chem.Phys.Lett. 539, 39 (2012) 
[2] �-���%�D�U�W�R�ã�����+���â�Y�D�M�G�O�H�Q�N�R�Y�i�����0���/�X�N�H�ã�R�Y�i�����<���<�X�����5���.�U�D�X�V�H-Rehberg Chem.Phys.Lett. 602, 28 (2014) 
[3] A. Sokolov, Y.Hayashi, J.Non - Cryst.Solids 353, 3838 (2007) 
[4] H.Tanaka, J.Non - Cryst.Solids 351, 3371, 3385, 3396 (2005) 
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Bulk physical properties like thermal, mechanical and electrical of polymer 
nanocomposites are shown to be improved as compared to pure polymers [1]. The 
enhancement in the properties is attributed to the formation of an interfacial layer having 
distinct molecular packing around the nano-fillers due to interfacial interactions [2]. 
Characterization of molecular packing of thin polymer layer around nanofillers (interfacial 
layer) and its role in bulk physical properties of the polymer nanocomposites is an active area 
of research. In the recent years, it has been shown that positron annihilation lifetime 
spectroscopy (PALS) can be used to investigate the free volume structure of polymer 
nanocomposite films. However, it is difficult to obtain the exclusive information about the 
free volume structure of interfacial layer in the presence of significant amount of bulk like 
polymer layer [3-6]. In order to investigate the free volume structure of interfacial layer, 
equivalent thin layers of variable thickness of Poly vinyl acetate (PVAc) have been adsorbed 
on fumed silica particles from a dilute PVAc solution. A large fraction of positrons implanted 
in the silica particles diffuse out to their surface where they annihilate within the adsorbed 
polymer layers. PALS measurements of the PVAc coated fumed silica samples have shown 
significant changes in the free volume characteristics of the adsorbed layer depending on the 
amount or thickness of PVAc. Differential scanning calorimetry (DSC) measurements 
showed the changes in the glass transition process such as shifting in glass transition 
temperature (Tg) as well as occurrence of two Tg. Thermal gravimetric analysis (TGA) of the 
coated samples has shown an enhancement in the decomposition temperature of the adsorbed 
PVAc layers. The observed changes in the thermal properties will be discussed vis- a- vis free 
volume characteristics of the thin layers.    
 
 
[1] A. C Balazs, T. Emrick and T. P. Russell Science 314 1107 (2006).  
[2] L. Z. Guan, Y. J. Wan, L. X. Gong, D. Yan, L. C. Tang, L. B. Wu, J. X. Jiang and G. Q. Lai J. Mater. Chem. 

A  2, 15058 (2014). 
[3] S. K. Sharma, J. Prakash, J. Bahadur, K. Sudarshan, P. Maheshwari, S. Mazumder and P. K. Pujari Phys. 

Chem. Chem. Phys. 16, 1399 (2014). 
[4] S. K. Sharma, J. Prakash, K. Sudarshan, D. Sen, S. Mazumder, P. K. Pujari. Macromolecules 48, 5706 

(2015). 
[5] S. K. Sharma, J. Prakash and P. K. Pujari. Phys. Chem. Chem. Phys. 17, 29201 (2015). 
[6] S. K. Sharma, K. Sudarshan and P. K. Pujari. Phys. Chem. Chem. Phys. 18, 25434 (2016) 
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Phase transition of water under nano-confinement is an active area of research due to 
its relevance in fundamental physics as well as in biological and technological applications. In 
the present work, the phase transition behaviour of water confined in titania mesopores with 
different levels of hydration has been investigated using temperature dependent positron 
annihilation Doppler broadening and lifetime spectroscopy. The mesoporous titania was 
synthesized by one-pot sol-gel method using Pluronic F127 as template. The synthesized 
titania has a pure anatase phase with pore size of 4.8 nm and the BET surface area of 109 
m2/g.  �7�K�H�� �W�L�W�D�Q�L�D�� �P�D�W�U�L�[�� �G�R�H�V�Q�¶�W�� �I�D�Y�R�X�U�� �S�R�V�L�W�U�R�Q�L�X�P (Ps) formation. The observed ortho-
positronium (o-Ps) pick-off lifetime in hydrated titania represents Ps formation and 
annihilation in confined water. The change in slope with temperature in the Doppler 
broadened S-parameter and o-Ps pick-�R�I�I�� �O�L�I�H�W�L�P�H�� ���2p) profile is indicative of the phase 
transition of confined water. It is manifested from the profiles that the phase transition 
behavior varies with the levels of hydration in titania mesopores.  As the hydration level 
decreases, the H-bonding network among water molecules gets disrupted and the interaction 
with the pore surface is modified which result in the variation in phase transition behavior. In 
the fully hydrated titania, water is present both at the surface and the core of the pore, whereas 
in the partially hydrated pore, the bulk-like core water becomes less. Hence, the effect of 
surface interaction becomes more prominent as the hydration level decreases. With the 
decrease in temperature both the �2p and S-parameter values show decreasing trend that saturate 
at very low temperature limit. In the fully hydrated titania a sharp change in the slope of �2p is 
observed just below the bulk freezing point of water (273K) indicative of freezing of bulk like 
water present in the matrix. A further change in the slope was observed below 250K 
indicating the ice-nucleation of confined supercooled water. The value of �2p and the S-
parameter remain constant below 200K suggesting the completion of the growth of ice nuclei 
inside the pore. In the partially hydrated titania, on the other hand, the low temperature 
transition is observed to be extended till 180K. Below 180K, both the �2p and the S-parameter 
values remain almost constant. The role of hydrogen bonding network on the low temperature 
phase transition of confined water will be discussed in more details.  
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       The common clay mineral, montmorillonite (MMT), belongs to the smectite group of the 
phyllosilicate minerals. Characteristic features of its structure are high swelling ability 
because of water absorption. It is used in different areas, e.g. as catalytic processes agent, 
desiccant to remove moisture, inorganic filler in the polymer industry, etc. 
        The aim of this study is to characterize free-volume structure in Ca-modified 
montmorrilonite [1,2] at the presence of different ammount of water inside of interlayer 
structure combined with thermoanalytical methods. Free-volume was studied at the samples 
prepared at simple ambient conditions (room temperature, presence of air). Amount of water 
was determined by weigh measurements. During the measurements the sample was 
�K�H�U�P�H�U�W�L�F�D�O�O�\�� �V�H�D�O�H�G�����:�D�W�H�U���G�H�V�R�U�S�W�L�R�Q���S�U�R�F�H�V�V���R�F�F�X�U�U�L�Q�J���W�\�S�L�F�D�O�O�\�� �E�H�W�Z�H�H�Q�������ƒ�&���D�Q�G���������ƒ�&��
is analyzed in details by thermogravimetric analysis (Perkin Elmer 7). Thermal response of 
absorbed water for selected steps of desorption process is studied by Differential scanning 
calorimetry (Perkin Elmer 8500). The correlation of results of characterization methods are 
provided.         
 
 
�>���@���9�����â�����)�D�M�Q�R�U���D�Q�G���.�����-�H�V�H�Q�i�N����J. of Thermal Analysis 46, 489 (1996) 
�>���@���.�����-�H�V�H�Q�i�N�����������.�X�F�K�W�D�����/�����*�X�O�O�H�U���D�Q�G���-�����)�~�V�N�R�Y�i����Mineralia Slovaca 29, 439 (1997) 
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Partial blocking of mesopores in the ordered MCM-41 silica by DC550 silicon oil was 
proposed as a preparation method of the material with controlled porosity and fixed pore size. 
The porosity of the samples with various content of DC550 was examined with the use of low 
temperature nitrogen sorption and positron annihilation lifetime spectroscopy (PALS). It was 
shown that the oil is good wetting agent for MCM-41 silica. It blocks the primary pores by 
forming the plugs near its entrances, but also partially locates in the interparticle spaces, 
especially when primary pores are almost completely filled.   

The comparison of the results obtained from both investigation techniques was used to 
make the first attempt to obtain the calibration (Fig.1) of ortho-positronium intensity, 
depending on pore volume. This is necessary to improve the utility of PALS as a porosimetric 
technique. The need to take the migration of positronium to larger free volume into account is 
discussed. Two proposed curves refer to the situation, when all primary pores are either open 
(solid line) or closed (dashed line). In most probable case, a  fraction of pores is closed, but 
other fraction remains open, which refers to the area between these curves. One should be 
noticed, that the calibration could depend on the pore diameter and particular settings of 
PALS spectrometer. This requires further examination. 
 

 
 
Fig.1 The relation between intensity (In) of the components originating from pores of MCM-41 and 
the total pore volume from nitrogen adsorption. 
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 The carbon-�E�D�V�H�G���P�D�W�H�U�L�D�O���Z�D�V���I�R�U�P�H�G���E�\���G�H�W�R�Q�D�W�L�R�Q���V�\�Q�W�K�H�V�L�V�����)�5�3�&���³�$�O�W�D�L�´�����%�\�L�V�N����
Russia). Synthesis of nanodiamonds is carried out by detonation of solid explosives in an inert 
atmosphere. The purified material consists of carbon nanodiamonds and onion-like particles. 
Nanodiamond consists of a crystalline diamond core and nondiamond shell with functional 
groups on surface. 
 Hydrogen concentration was measured by Gas Reaction Controller complex 
(Advanced Materials Corporation, USA) at low temperature and a pressure of 0.6 MPa. The 
concentration-time sorption isotherms show the concentration of hydrogen absorbed by 
nanodiamonds. 
 Investigation of positron lifetime (PL) and Doppler broadening (DB) shift of 
annihilation line before and after hydrogenation was performed using the special complex. 
The samples were arranged in a so-�F�D�O�O�H�G�� �©�V�D�Q�G�Z�L�F�K�ª�� �D�Q�G�� �P�R�X�Q�W�H�G�� �L�Q�� �D�� �V�S�H�F�L�D�O�� �V�D�P�S�O�H-
holder. PL and DB spectra were collected simultaneously. The positron source was 
represented by a 44�7�L���L�V�R�W�R�S�H���Z�L�W�K���D�Q���D�F�W�L�Y�L�W�\���R�I�������������—�&�L���� 
 Spectra were fitted using LT10 software. The spectral analysis was performed 
implementing a delayed formation of positronium (DFP) model. DB spectra were acquired by 
�F�R�O�O�H�F�W�L�Q�J�����������î������5 counts and analyzed using SP software package. 
 
Table 1. The parameters of positron annihilation in the nanodiamonds before and after hydrogenation 
 

Sample �2o-Ps[ns] Io-Ps[%] �2T [ns] IT [%] �2free[ns] 

Initial ND ���������“�������� 3.35 ���������“�������� 14.8 ���������“�������� 

Hydrogenated ND ���������“�������� 5.07 ���������“�������� 42.3 ���������“�������� 

 
 The nanodiamonds hydrogen saturation leads to change the lifetime of trapped 
positrons and ortho-positronium, intensity, S and W-parameters.  
 Consequently, these results show that positron spectroscopy can be used to study 
carbon hydrogen storage materials. 
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 Zirconium di-oxide (ZrO2 , zirconia) receives nowadays a big attention because of 
a variety of advantageous properties which make zirconia-based materials useful in numerous 
fields of practice, in particular, in ceramic industry and other high-temperature applications. 
To make high-temperature phases of zirconia stabilised down to room temperature, doping of 
the host lattice by proper metal cations has to be usually performed. Nanopowders are 
currently focused on as starting substances for manufacturing ZrO2-based ceramics by 
sintering, because well-homogenised materials of a low porosity can be produced more easily. 
Nanometer-sized defects associated to grain boundaries (GBs) become then to play an 
enhanced role in nanopowders due to enlarged volume fraction of GBs. Positrons and 
positronium (Ps) atoms can serve as efficient probes of different structures encountered in 
particular stages of manufacturing ZrO2-based functional materials. 
 In the present contribution, conventional positron and Ps lifetime measurements were 
carried out on a variety of zirconia-based nanopowders and ceramics obtained by sintering 
these nanopowders. Nanopowders studied were doped with various metal cations (Y3+, Cr3+, 
Ce4+, Mg2+) and differed also in thermal treatment prior sintering. Lifetime experiments were 
conducted in air or in vacuum and combined with Doppler broadening measurements using 
slow-positron beam and supplemented with X-ray diffraction (XRD) and mass-density (MD) 

measurements. In Figure, variability of the 
lifetime spectra observed is illustrated. In 
a range of lifetimes from a few ns �W�R�� �§ 70 ns, 
up to three individual lifetime components 
could be identified, see Figure, (a) and (b). 
Such observations unambiguously testified Ps 
formation with subsequent ortho-Ps 
annihilation. On the other hand, an absence of 
the ortho-Ps components was found in certain 
nanopowders giving thus an evidence of 
a strong Ps inhibition, see Figure, (c).  
 Pore sizes were estimated using current 
models of correlation between observed ortho-
Ps lifetime and pore size. Origins of pores will 
be discussed on the basis of the ortho-Ps data 
in combination with the results of slow-
positron beam, XRD and MD measurements. 
  

 
Figure. Lifetime spectra measured in air for 
ZrO2 nanopowders doped with (a) 10 mol.% 
MgO, (b) 12 mol.% CeO2 and (c) 3 mol.% 
Cr2O3 . 
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Zeolite is a porous material with regular tubular pores (0.4-0.8 nm diameter) and 
cavities with the basic unit of tetrahedral (SiO4)4- and (AlO4)5-. There are various crystal 
structures, and it is known that chemical properties such as catalytic activity and ion exchange 
species changewith different Si/Al ratios and crystal structures. In this study, we have 
measured the Ps behavior, such as lifetime and formation rate, and correlated them with the 
crystal structure and the Si/Al ratio. 

Positron annihilation lifetime spectroscopy (PALS) was carried out on ZSM-5 and 
ferrierite, both having a 10-membered ring, as wel as beta and mordenite, both of which 
possess a 12-membered ring. Zeolite powder was molded into pellets having a diameter of 10 
mm and a thickness of 2 mm. Subsequently, all samples underwent vacuum heating at 458 K 
for 2 hours in order to dehydrate them. Finally,  a dehydrating agent and an oxygen scavenger 
were enclosed in a thermally sealed polyethylene bag together with each sample and the 
positron lifetimes were measured under these controlled atmosphere conditions. Each 
measured spectrum was fitted using four lifetime components. The 3rd component (of the 
order of ns) and 4th component (of the order of tens of ns) are due to the annihilation of o-Ps. 

The PALS results for the zeolites except ZSM-5 showed that the pick-off lifetime of o-
Ps without dehydration was well correlated with the diameter of the tubular pores (Fig.1). On 
the other hand, the dehydration process led to a longer o-Ps lifetime. The adsorbed water in 
the tubular pores hindered the diffusion of Ps, so that the o-Ps lifetime actually reflected the 
diameter of the pores with adsorbed water. We concluded that Ps can more easily diffuse in 
the cavities by dehydration and thus the o-Ps lifetime becomes longer. 

An increase in Al3+ ions gives rise to an addition of polar groups in the tubular pores. 
The plot of the sum of I3 and I4 vs Si/Al ratio is shown in Fig. 2. The higher the Si/Al ratio, 
the larger is the Ps formation component. Furthermore, the dehydration led to an increase of 
the Ps formation intensity. This result was expected given that electrons and positrons tend to 
be captured by the adsorbed water, leading to a decrease of the Ps formation probability. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Plot of �23 vs diameter of tubular pores.                      Fig. 2  Plot of I3+I4 vs Si/Al ratio. 
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The comparison of pore size distributions obtained with the use of two porosimetric 
methods: low temperature nitrogen sorption (LN2) and positron annihilation lifetime 
spectroscopy (PALS), was performed for porous silica monoliths. Four investigated samples 
were prepared under various synthesis conditions. Nitrogen sorption showed the presence of 
bottle-shaped pores in all investigated samples. In addition, it seems, that the presence of 
methanol during synthesis influences porosity to a greater extent than organic additives.  

Quite good agreement between the LN2 and PALS results was observed only for the 
silica monolith synthesized with �E-cyclodextrins as pore directing agent. The biggest 
discrepancy in the results obtained from these two techniques was observed for the silica gel 
synthesized with no additives. The origin of such discrepancies, taking into account the shape 
of pore size distribution and deficiencies of data analysis techniques, is discussed. 
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 In the last years, the electron-positron bound state, namely the positronium atom (Ps), 
has been widely used as a probe to test structural properties of porous materials. This is 
possible thanks to the strong connection between Ps annihilation rate and the electronic 
structure of the confining medium.  
 Accessible experimental measurements concern annihilation rates by pickoff processes 
and contact densities (the electron density at the positron position).  
 While the pickoff process is well understood, existing models describing Ps properties 
in nanometric or sub-nanometric cavities fail to justify the lowering of the contact density 
with respect to that of Ps in vacuum, as found in most materials.  
 For this reason we formulated a new two-particle model in which only the electron is 
confined in the cavity [1], while the positron is moving freely and feels the medium via a 
positive work function. We show that this model explains experimental data for a large class 
of materials and suggests a way to gain information on pore sizes and positron work 
functions. 
  
 
[1] G. Marlotti Tanzi, F. Castelli, and G. Consolati, Phys. Rev. Lett. 116, 033401 (2016) 
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 To employ positrons emitted from isotope sources for analysis of near-surface layers 
of solid-state materials one needs to account for their range, which usually varies from tens to 
hundreds of microns. Therefore using isotope sources for positron annihilation lifetime 
spectroscopy (PALS) requires accurate information on positron implantation profiles (PIPs). 
Usually PIPs are described as monoexponential distributions, however in some 
publications [1] the authors note that these profiles have more complex shape. 
 In current work we present the results of Geant4 simulation of PIPs for materials with 
different densities (Fig. 1). We simulate a standard geometry for PALS measurements: the 
positron source is placed between two 1 mm thick samples. The source represents a 
radioactive NaCl layer of 1 ���P���W�K�L�F�Nness covered by a �������P���N�D�S�W�R�Q��films. 
 

 
Fig.1. Implantation profiles for 22Na source: A) comparison of conventional and two-exponential 
description for tungsten; B) materials with different densities. 
 
 The shape of PIP depends on both energy and angular distributions of the positrons 
entering the sample. The results of simulation show that the positron probability density 
function can be described by the sum of two exponential components (Fig. 1a). The fraction 
of a short-depth component for all studied materials is found to be around 11% and thus 
implantation profiles can be expressed as follows: 

�I���[����� �����������Â�Z�Â�H-�Z�[ �������������Â�E�Â�H-bx, (1) 
where �o [���P] is the depth of the sample and prefactors a and b [���P-1] can be approximated as 
functions of the studied materials density �!��[g/cm3] as: 

�Z � ���������������Â���! �± 0.3)2 ���������������Â���! �± 0.3),      �E��� ���������������Â���! �± 0.2), (2) 
 Finally, we verify our Geant4 simulations experimentally by measuring the fraction of 
the positrons passed through the thin films using PALS technique and confirm the proposed 
model of PIP. 
 
 
[1] J. Dryzek and K. Siemek J. Appl. Phys. 114, (2013) 
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For the development of new functional materials, the investigation of lattice defects 
and various atomic imperfections in solids constitutes an important step. For analyzing 
subsurface layers and thin films, slow e+ beams are necessary. At the European Light 
Infrastructure �± Nuclear Physics (ELI-NP), a brilliant ��-beam will produce fast e+ by the pair 
production in a suitable converter made of tungsten foils, which will also act as a moderator 
[1]. One of the positron annihilation techniques, which over the years has become an 
increasingly valuable tool for study of the defect structure in materials is the Positron 
Annihilation Lifetime Spectroscopy (PALS). In order to perform PALS with a slow e+ beam a 
start signal is needed. For obtaining the start signal, at ELI-NP, the slow e+ beam will be 
pulsed using the chopping and bunching technique [2]. For depth profiling purposes, the slow 
e+ are accelerated by a few graded electrodes to a desirable energy up to typically 30 keV.  

When incident e+ hit the target a fraction of them is backscattered. If the backscattered 
e+ reach back the accelerator they can be reflected by the electric field and implanted into the 
sample with a delay from the initial e+ bunch. Despite their small overall contribution, the 
caused satellite structures can make the spectrum analysis difficult.  

The method implemented at the EPOS beam line of guiding the e+ through a �����Û��bent 
tube equipped with steering coils after they pass the accelerator will not allow the e+ 
backscattered from the target to reach the acceleration field [3]. The same method will be 
implemented at the ELI-NP e+ line. To understand the origin of these satellite structures and 
to further improve the performance of the system, comprehensive simulations were performed 
in Comsol Multiphysics and Geant4. The aim of the study conducted in the present paper is to 
determine the optimum parameters of the designed system in order to obtain PALS spectra 
with minimum distortions caused by the backscattered e+. 
 
 
[1] N. Djourelov, C. Hugenschmidt, S. Balascuta, V. Leca, A. Oprisa, C. Piochacz, C. Teodorescu and C. A. Ur, 

Romanian Reports in Physics 68, S735 (2016)  
[2] N. Djourelov and D. Dinescu, J. Phys.: Conf. Series 791, 012010 (2017) 
[3] M. Jungmann, J. Haeberle, R. Krause-Rehberg, W. Anwand, M. Butterling, A. Wagner, J. M. Johnson and T. 

E. Cowan, J. Phys.: Conf. Series 443, 012088 (2013) 
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Positron Annihilation Lifetime Spectroscopy (PALS) is a great tool to study 

nanostructure of porous materials. Iterative computer procedure based on LT and MELT was 
prepared to analyze positron lifetime spectra and to extract average positronium lifetimes 
distribution. Specific iteration method which is based on increasing number of components 
fitted to spectrum in each step helped stabilize and accelerate operation of fitting program. 
Procedure uses ROOT software and Levenberg-Marquadt algorithm to retirieve mean lifetime 
distribution with additional information about dispersion of main components. Two 
exemplary samples, silicon plates (Si) and polyvinyl toluene (PVT) were measured in order to 
check analysis procedure. Nanostructural information received from PALS analysis putted 
into the metabollic image obtained by Positron Emission Tomography (PET) can give a quite 
new quality of imaging of the human body. Proposition of joining PET and PALS techniques 
altogether in J-PET device is briefly described. 
 
 
�$�����*�D�M�R�V�����(�����&�]�H�U�Z�L���V�N�L�����'�����.�D�P�L��ska, P. Moskal, Patent: PCT/PL2015/050038 
P. Moskal et al., Acta Phys.Polon. B47 (2016) 509 
�%�����-�D�V�L���V�N�D���H�W���D�O�������$�F�W�D���3�K�\�V���3�R�O�R�Q�����%�������������������������� 
A. Gajos et al., Nucl. Instrum. Meth. A819 (2016) 54. 
�'�����.�D�P�L���V�N�D���H�W���D�O�������1�X�N�O�H�R�Q�L�N�D������������������������������ 
P. Moskal et al., Nucl. Instrum. Meth. A775 (2015) 54. 
P. Moskal et al., Nucl. Instrum. Meth. A764 (2014) 317. 
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�7�K�H���-�D�J�L�H�O�O�R�Q�L�D�Q�� �� �3�R�V�L�W�U�R�Q�� �� �(�P�L�V�V�L�R�Q�� �� �7�R�P�R�J�U�D�S�K�� �� �L�V�� �� �D�Q�� �� �F�R�V�W-�H�I�I�H�F�W�L�Y�H�� �V�F�D�Q�Q�H�U�� �>���@��
�E�H�L�Q�J�� �G�H�Y�H�O�R�S�H�G���D�W�� �W�K�H���-�D�J�L�H�O�O�R�Q�L�D�Q�� �8�Q�L�Y�H�U�V�L�W�\���� �.�U�D�N�R�Z���� �,�W�� �L�V�� �F�R�P�S�R�V�H�G�� �R�I�� �O�R�Q�J�� �V�W�U�L�S�V�� �R�I��
�R�U�J�D�Q�L�F�� �V�F�L�Q�W�L�O�O�D�W�R�U�V���� �7�K�L�V�� �� �G�H�W�H�F�W�L�Q�J�� �� �V�\�V�W�H�P�� �� �L�V�� �� �D�O�V�R�� �� �F�D�S�D�E�O�H�� �� �W�R�� �� �V�W�X�G�\�� �� �W�K�H�� �� �G�H�F�D�\�V�� �� �R�I��
�S�R�V�L�W�U�R�Q�L�X�P���D�W�R�P�V���>���@�����,�Q���W�K�H���--�3�(�7���G�H�W�H�F�W�R�U���W�K�H�����D�P�S�O�L�W�X�G�H���R�I���V�L�J�Q�D�O�V���X�V�H�G���I�R�U���U�H�F�R�Q�V�W�U�X�F�W�L�R�Q��
�L�V���V�W�U�R�Q�J�O�\���G�H�S�H�Q�G�H�Q�W���R�Q���W�K�H���K�L�W-�S�R�V�L�W�L�R�Q���R�I���J�D�P�P�D���T�X�D�Q�W�D�����Q�R�W���R�Q���W�K�H���H�Q�H�U�J�\���G�H�S�R�V�L�W�H�G���E�\���L�W����
�7�K�H�U�H�I�R�U�H���� �D���Q�R�Y�H�O���U�H�F�R�Q�V�W�U�X�F�W�L�R�Q���P�H�W�K�R�G���E�D�V�H�G���R�Q���W�K�H���F�R�P�S�D�U�L�V�R�Q���R�I�� �H�[�D�P�L�Q�H�G���V�L�J�Q�D�O���� �Z�L�W�K����
�W�K�H�����P�R�G�H�O�����V�L�J�Q�D�O�V�����V�W�R�U�H�G�����L�Q�����W�K�H�����O�L�E�U�D�U�\�����X�V�L�Q�J���0�D�K�D�O�D�Q�R�E�L�V���G�L�V�W�D�Q�F�H���K�D�V���G�H�Y�H�O�R�S�H�G���>���@�����7�K�H��
�P�H�W�K�R�G���K�D�V���Y�D�O�L�G�D�W�H�G���R�Q�����W�Z�R�����V�W�U�L�S�����--�3�(�7�����P�R�G�X�O�H�������,�Q�����W�K�H�����S�U�H�V�H�Q�W�����D�U�W�L�F�O�H�����U�H�V�X�O�W�V���R�E�W�D�L�Q�H�G����
�I�U�R�P�����W�K�H�����Y�D�O�L�G�D�W�L�R�Q�����R�I�����U�H�F�R�Q�V�W�U�X�F�W�L�R�Q�����P�H�W�K�R�G�����Z�L�O�O�����E�H���S�U�H�V�H�Q�W�H�G���D�Q�G���G�L�V�F�X�V�V�H�G. 
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Recent Surface studies at the Positron Facility (SPF) in IMSS, KEK are reported. The 
slow-positron beam�V���R�I���L�Q�W�H�Q�V�L�W�\�����î����7/s in the long-�S�X�O�V�H���P�R�G�H�����Z�L�G�W�K�������������V�����D�Q�G�����î����6/s in 
the short- pulse mode (1-10 ns, variable) are stably used. 
1. Positron diffraction: Total-reflection high-energy positron diffraction (THREPD) is a unique 
method exceedingly sensitive to the atomic geometry of the topmost- and immediate sub-surface 
[1,2]. Recent results using the long-pulse mode positron beam are the  etermination of the 
graphene-substrate distance where the substrates are Cu(111) and Co(0001)[3], and the detection 
of an asymmetric buckling structure of germanene on Al(111)[4]. It also determined a surface 
atomic structure of rutile-�7�L�2���������������������î���������Z�K�L�F�K���K�D�G���E�H�H�Q���G�H�E�D�W�H�G���I�R�U���P�R�U�H���W�K�D�Q���������\�H�D�U�V���>���@��  

A low-energy positron diffraction (LEPD) station using the long-pulse mode positron 
beam �K�D�V�� �E�H�H�Q�� �F�R�Q�V�W�U�X�F�W�H�G�� �D�Q�G�� �D�� �G�L�I�I�U�D�F�W�L�R�Q�� �S�D�W�W�H�U�Q�� �I�U�R�P�� �*�H���������������î������ �V�X�U�I�D�F�H�� �Z�D�V�� �R�E�V�H�U�Y�H�G����
The pattern is recorded by a delay-line detector (DLD). Since a DLD does not accept too many 
positrons in a short pulse, a technique has �E�H�H�Q���G�H�Y�H�O�R�S�H�G���W�R���V�W�U�H�W�F�K���W�K�H�������V���S�X�O�V�H���W�R���D�Q 
appropriate width up to 20ms.  
2. Positronium time-of-flight  (Ps-TOF): Ps-TOF station is operated with the beam in the short 
pulse mode whose width is short enough for the measurement of TOF of the ortho-Ps whose 
�O�L�I�H�W�L�P�H���L�V���������—�V�����)�R�U���P�H�W�D�O�V�����L�Q���S�D�U�W�L�F�X�O�D�U�����W�K�H���V�S�H�F�W�U�X�P���F�D�U�U�L�H�V���L�Q�I�R�U�P�D�W�L�R�Q���R�Q���W�K�H���H�O�H�F�W�U�R�Q�L�F state 
of the surface exclusively, because Ps does not form in the bulk and thus it is certain that the Ps 
emitted is formed on the very surface. Recently it was observed that coating of W surface with 
alkali metals greatly enhanced the Ps emission from the surface [6]. The energy spectra show 
evidence of energy loss compared to that of the Ps emitted from a clean W surface. 
 

This study was performed under the PF Proposal No.2016S2-006, 2014S2-004, 2013S2-005 
and 2013U002, and the auspices of the JAEA-KEK Joint Development Research at KEK. It was partly 
supported by JSPS grants KAKENHI (S)24221006 and (S)24221007 and those for Young Scientists  
B) 25800182 and 26800170, Cabinet office Cross-ministerial Strategic Innovation Promotion Program 
(SIP, unit D66), and by Toray Science and Technology Grant from Toray Science Foundation.  

 
 

[1] Y. Fukaya, et al., Appl. Phys. Express 7, 056601 (2014).  
[2] C. Hugenschmidt, Surf. Sci. Rep.71, 547 (2016).  
[3] Y. Fukaya, et al., Carbon 103, 1 (2016).  
[4] Y. Fukaya, et al., 2D Materials,3, 035019 (2016).  
[5] I. Mochizuki et al., Phys. Chem. Chem. Phys., 18, 7085 (2016).  
[6] S. Iida,et al., J. Phys.: Condens. Matter 28, 475002 (2016). 
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The poster shows the production of 22-Na at the iThemba Labs in Faure (near Cape 
Town) and the improvements recently obtained.  

iThemba LABS has been producing ultra-high vacuum (UHV) 22-Na positron sources 
�V�L�Q�F�H�� �W�K�H�� �P�L�G�� ���������¶�V���� �7�R�G�D�\���� �L�7�K�H�P�E�D�� �/�$�%�6�� �L�V�� �W�K�H�� �R�Q�O�\�� �S�U�R�G�X�F�H�U�� �R�I�� �W�K�H�V�H�� �8�+�9�� ����-Na 
positron sources worldwide. These sources are produced by using the in-house produced high 
purity 22-Na radionuclide with a specification of >800 Ci 22-Na per gram of sodium together 
with the empty source capsules produced by Rehberg Electronics (Prof.  Dr. Reinhard 
Krause- Rehberg) in Halle, Germany.  

In the last quarter of 2014, we encountered a few problems from clients complaining 
about the low beta efficiency of the 22-Na positron sources. This paper will present the 
improvements made by Rehberg Electronics on the empty source capsule together with the 
improvements made by iThemba LABS on the dispensing of the 22-Na radionuclide during 
the manufacture of the 22-Na source capsule. Since the implementation of these 
improvements, the quality of the 22-Na positron sources has improved drastically and we 
have only received positive feedback from clients in this regard. In addition, upgrades of the 
current 22-Na production facility, the availability of the 22-Na stock levels together with the 
future vision of iThemba LABS will also be presented. 
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 Positron spectroscopy (PS) methods are the most promising for controlling the defect 
structure of hydrogen containing systems due to high sensitivity and the ability to determine 
the type of defects and concentration. However, despite the potential capabilities of PS 
methods, their use is severely limited due to the low counting rate and the lack of techniques 
for decoding and interpreting the data, especially for metal-hydrogen systems. 
 To study the evolution of the defect structure of metals and alloys upon hydrogen 
saturation, a completely digital spectrometric complex has been developed in which the 
methods of positron lifetime spectrometry and the coincidence analysis of the Doppler 
broadening of the annihilation line are integrated [1,2]. The main disadvantage of a fully 
digital spectrometric channel is the presence of a large number of background events in the 
spectrum, which significantly increases the size of the received file (up to 3 TB) and increases 
processing time (several tens of hours). 
 To eliminate this drawback, external trigger (ET) systems are developed for each 
module. The external circuit carries out preliminary selection of signals and forms a control 
pulse, which then arrives at the trigger of the digitizer trigger. Thus, the digitizer performs 
further processing of only "useful" signals. The disadvantage of such systems is that 
additional devices (amplifiers, discriminators, coincidence circuit, etc.) that complicate the 
setup and operation of the spectrometer and also increase its cost are required for preliminary 
selection. The use of external synchronization systems reduces the rate of signal collection, 
but increases the efficiency of their processing. 
 The use of analog devices in the digital spectrometric complex slightly increases the 
cost of the complex and makes it difficult to configure, but it allows to significantly improve 
its characteristics. A semi-digital complex of positron spectroscopy with an external 
synchronization system based on the positron lifetime spectrometry modules and coincidence 
Doppler broadening spectrometry (CDBS) has the following technical characteristics using a 
positron source based on the 44Ti isotope with the activity of 0.91 MBq: 

�‡ the time resolution of the digital lifetime module �L�V�����������“�������S�V����the counting rate (90 
�“�����������V/s 

�‡ The energy resolution of the CDBS �P�R�G�X�O�H���L�V���������������“���������������N�H�9�����W�K�H���F�R�X�Q�W�L�Q�J���U�D�W�H��
�����������“�����������V�V�������V�� 

 
 
[1] Bordulev Y. et al. Development of a digital spectrometric system for material studying by positron 

annihilation techniques //Strategic Technology (IFOST), 2012 7th International Forum on. �± IEEE, 2012. �± 
�K������-4. 

[2] Laptev R. S. et al. Gas-phase hydrogenation influence on defect behavior in titanium-based hydrogen-storage 
material //Progress in Natural Science: Materials International. �± 2017. �± �L�������������± �‹�����������± �K����������-111. 
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At AIST we have used thin SiN windows to extract a slow positron beam from the 
vacuum chamber into atmosphere for in-situ positron annihilation lifetime spectroscopy 
(PALS) measurement of thin films as a function of humidity [1,2]. In principle this system 
can also be applied to the measurement of liquids by placing the liquid sample on the outside 
of the window. However, measurements with the focussed microbeam are time consuming 
and difficult to set-up. In addition, the window is fragile and a failure would lead to a 
catastrophic loss of vacuum integrity and possible damage to pumps etc.  

In order to mitigate these dis-advantages we have started to develop small liquid 
holders which can be placed into the vacuum chamber in a similar way to a typical sample. 
The liquid is placed in the centre of the holder and covered with a thin SiN window which is 
sealed with a rubber o-ring. As this system is designed to be used with an unfocussed positron 
beam, it is necessary to use somewhat thicker windows (~200 �± 500 nm) as compared to those 
possible with the microbeam (~ 30 nm). The increased thickness requires a corresponding 
increase in beam energy in order to ensure most positrons annihilate in the sample rather than 
the window [3].  

With this holder, we plan to perform PALS on a range of liquids. By varying the 
positron energy it is possible to vary the ratio of positrons which annihilate in the window 
compared to the liquid and hence observe any change in lifetime in the solid/liquid interface 
region compared to the bulk liquid. We will report preliminary measurements using these 
newly developed holders at the meeting.  
 
 
[1] W. Zhou et al., Appl. Phys. Lett. 101, 014102 (2012). 
[2] W. Zhou et al., J. Phys. Conf. Sers. 443 012090 (2013) 
�>���@���%�����(�����2�¶�5�R�X�U�N�H��et al., J. Phys. Conf. Sers. 443 012069 (2013) 
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J-PET detector, based on long plastic scintillator strips, was recently constructed in 
Jagiellonian University [1]. It consists of 192 modules axially arranged into three layers, read 
out from both sides by digital constant-threshold boards. Each signal is probed at four 
different thresholds. Synchronization detection modules has been completed with a reference 
detector placed inside scanner.  

J-PET scanner may be licensed for commercial use after fulfilling standards defined 
by The National Electrical Manufacturers Association (NEMA). To determine performance 
characteristics of J-PET detector a NEMA-NU-2 [2] norms are used which specify the 
standard values of the spatial resolution, signal-to-background ratio and scattered gamma 
fraction. Therefore, it is necessary to carry out appropriate testing of the J-PET prototype 
which results will be used for device certification [3].  

In this poster initial results of the J-PET spatial resolution will be presented for 22Na 
source placed at selected positions inside the detector chamber as well as time and energy 
resolutions for detection modules.  
 
 
�>���@���3�����0�R�V�N�D�O�����6�]�����1�L�H�G�(�Z�L�H�F�N�L���H�W���D�O�������1�X�F�O�H�D�U���,�Q�V�W�U�X�P�H�Q�W�V���D�Q�G���0�H�W�K�R�G�V���L�Q���3�K�\�V�L�F�V���5�Hsearch Section A 764, 317 

(2014) 
[2]  NEMA-NU-2 standard - https://www.nema.org/  
�>���@���/�����5�D�F�]�\���V�N�L���H�W���D�O�������3�K�\�V�L�F�V���L�Q���0�H�G�L�F�L�Q�H���	���%�L�R�O�R�J�\�������������������������������� 
  



12 th  International Workshop on Positron and Positronium Chemistry   

August 28 - September 01, 2017 
Lublin, Poland 

 P31 | Optimization of positron-lifetime measurement geometry based on Geant4 
simulations 

 
M. Saro1,*, M. Petriska1 and V Sluge��1 

 
�,�Q�V�W�L�W�X�W�H���R�I���1�X�F�O�H�D�U���D�Q�G���3�K�\�V�L�F�D�O���(�Q�J�L�Q�H�H�U�L�Q�J�����6�O�R�Y�D�N���8�Q�L�Y�H�U�V�L�W�\���R�I���7�H�F�K�Q�R�O�R�J�\�����,�O�N�R�Y�L�þ�R�Y�D��������

81219 Bratislava, Slovakia 
 
*email: matus.saro@stuba.sk 
 
 Proper choice of measuring geometry and experimental setup of nuclear 
instrumentation modules and photomultipliers is key element which affects substantial 
measurement properties: count rate and time resolution. An adequate compromise has to be 
found, when it comes to geometry of measurement. The optimal geometry using three 
detector layout is inspected in this paper. During our work, we concentrated on the simulation 
of XP2020Q photomultipliers and the BaF2 scintillator material. The Geant4 simulation 
allows to estimate an influence of the measuring geometry on detection efficiency and to 
choose the most appropriate crystals dimensions and positions. As mentioned in [1], slight 
changes in geometry result in distortion or improvement of measured results. Experimental 
results already showed, changes of start crystals dimensions can result in significant increase 
in count rate of three-detector measurement. 
 
Acknowledgment:  
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[1] L.Yu. Dubov, V.I. Grafutin, Yu.V. Funtikov, Yu.V. Shtotsky, L.V. Elnikova, Optimization of BaF2 positron-

lifetime spectrometer geometry based on the Geant4 simulations, Nuclear Instruments and Methods in 
Physics Research Section B: Beam Interactions with Materials and Atoms, Volume 334, (2014), ISSN 0168-
583X 
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�7�K�H���-�D�J�L�H�O�O�R�Q�L�D�Q���3�R�V�L�W�U�R�Q���(�P�L�V�V�L�R�Q���7�R�P�R�J�U�D�S�K�����--�3�(�7�����>��-���@���L�V���R�Q�H���R�I���L�W�V���N�L�Q�G���E�D�V�H�G��
�R�Q�� �W�K�H�� �R�U�J�D�Q�L�F�� �V�F�L�Q�W�L�O�O�D�W�R�U�V�� �G�H�Y�H�O�R�S�H�G�� �D�W�� �-�D�J�L�H�O�O�R�Q�L�D�Q�� �8�Q�L�Y�H�U�V�L�W�\�� �L�Q�� �.�U�D�N�R�Z���� �7�K�H�� �R�U�J�D�Q�L�F��
�V�F�L�Q�W�L�O�O�D�W�R�U�V���D�U�H���K�\�G�U�R�F�D�U�E�R�Q���F�R�P�S�R�X�Q�G�V�����W�K�H�U�H�I�R�U�H�����W�K�H���J�D�P�P�D���T�X�D�Q�W�D���L�Q�W�H�U�D�F�W���S�U�H�G�R�P�L�Q�D�Q�W�O�\��
�Y�L�D�� �W�K�H�� �&�R�P�S�W�R�Q�� �H�I�I�H�F�W���� �7�K�H�� �H�Q�H�U�J�\�� �O�R�V�V�� �R�I�� �L�Q�F�L�G�H�Q�W�� �S�K�R�W�R�Q�� �L�Q�� �V�F�L�Q�W�L�O�O�D�W�R�U�� �Y�D�U�L�H�V�� �Z�L�W�K��
�V�F�D�W�W�H�U�L�Q�J�� �D�Q�J�O�H�� �R�I�� �R�X�W�J�R�L�Q�J�� �S�K�R�W�R�Q���� �,�Q�� �W�K�L�V�� �V�W�X�G�\���� �Z�H�� �S�U�H�V�H�Q�W�� �D�� �P�H�W�K�R�G�� �W�R�� �H�V�W�D�E�O�L�V�K�� �D��
�U�H�O�D�W�L�R�Q�V�K�L�S�� �E�H�W�Z�H�H�Q�� �W�K�H�� �P�D�[�L�P�X�P�� �H�Q�H�U�J�\�� �G�H�S�R�V�L�W�H�G�� �E�\�� �L�Q�F�R�P�L�Q�J�� �J�D�P�P�D�� �T�X�D�Q�W�D�� �L�Q�� �S�O�D�V�W�L�F��
�V�F�L�Q�W�L�O�O�D�W�R�U�� �D�Q�G�� �V�X�P�� �R�I�� �W�K�H�� �7�L�P�H�� �2�Y�H�U�� �7�K�U�H�V�K�R�O�G�� ���7�2�7���� �V�S�H�F�W�U�D�� �H�V�W�L�P�D�W�H�G�� �I�U�R�P�� �W�K�H�� �V�L�J�Q�D�O�V��
�P�H�D�V�X�U�H�G�� �I�U�R�P���V�F�L�Q�W�L�O�O�D�W�R�U���E�\�� �X�V�L�Q�J���S�K�R�W�R�P�X�O�W�L�S�O�L�H�U���W�X�E�H�V�� �D�Q�G���D�V�V�R�F�L�D�W�H�G���H�O�H�F�W�U�R�Q�L�F�V���� �6�X�F�K���D��
�V�W�X�G�\���L�V���D�O�V�R���R�I���X�W�P�R�V�W���L�P�S�R�U�W�D�Q�F�H���W�R���G�L�V�W�L�Q�J�X�L�V�K���W�K�H���R�U�L�J�L�Q���R�I���S�K�R�W�R�Q�V���L���H�������H�L�W�K�H�U���D�Q�Q�L�K�L�O�D�W�L�R�Q��
�R�U���G�H-�H�[�F�L�W�D�W�L�R�Q���S�U�R�F�H�V�V������ 
 
Keywords: J-PET, Time Over Threshold (TOT), Plastic scintillator.  
 
 
[1] 18 Patent Applications, http://koza.if.uj.edu.pl/patents/.    
[2] P. Moskal et al., Nucl. Inst. and Meth. A 764 (2014)  317.                                                               
�>���@���0�����3�D�á�N�D���H�W���D�O�����%�L�R���$�O�J�R�U�L�W�K�P�V���D�Q�G���0�H�G-Systems 10 (2014) 41.                                                                                                     
[4] G. Korcyl et al., Bio-Algorithms and Med-Systems 10(2014)  37.                                                                                                                   
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 The feasibility of measuring the axial co-ordinate of a gamma quantum interaction 
point in a plastic scintillator bar via the detection of scintillations photons escaping from the 
scintillator with an array of wavelength-shifting (WLS) strips is demonstrated. Using a test 
setup comprising a BC-420 scintillator bar and an array of 16 BC-482A WLS strips. We 
�D�F�K�L�H�Y�H�G�� �D�� �V�S�H�F�L�D�O�� �U�H�V�R�O�X�W�L�R�Q�� �R�I�� ���P�P�� ���1���� �I�R�U�� �D�Q�Q�L�K�L�O�D�W�L�R�Q�� �S�K�R�W�R�Q�V from a 22Na isotope. The 
studied method can be used to improve the special resolution of a plastic scintillator based 
PET scanner which is being developed by the J-PET collaboration. 
 

 
                                                                                                
Fig.1. Principle of measuring the axial coordinate of the gamma quantum interaction point in a plastic   
scintillator bar using an array of WLS strips.  
 
 
[1] J. Smyrski, et al. Nucl. Instrum. Methods A 851 (2017) 39-42. 
[2] N.N. Shehad, et al. IEEE 2005 Nuclear Science Symposium Conference Record 5, 2005, pp. 2895-2898. 
[3] S.J. Park, et al. Nucl. Instrum. Methods A 570 (2007) 543-555. 
[4] T.J. Smyrski, et al. Nucl. Instrum. Methods A 851 (2017) 39-42. 
[5] A. Miceli, et al. Phys. Med. Biol. 57 (2012) 1685�±1700. 
[6] P. Moskal, et al. Nucl. Instrum. Methods A 764 (2014) 317. 
[7] P. Moskal, et al. Phys. Med. Biol. 61 (2016) 2025�±2047. 
[8] J. Smyrski, et al. BioAlgorithms Med. Syst. 10 (2014) 59�±63. 
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The Jagiellonian Positron Emission Tomograph (J-PET) project carried out in the 
Institute of Physics of the Jagiellonian University is focused on construction and tests of the 
first prototype of PET scanner for medical diagnostic which allows for the 3D imaging of the 
whole human body using organic scintillators. J-PET prototype consists of 192 scintillator 
strips forming three cylindrical layers which are optimized for the detection of photons from 
the electron-positron annihilation with high time- and high angular-resolution.  

The poster presents the method of the time calibration and synchronization of the 
whole detection system based on the measurements performed with a 22Na radioactive source 
and a reference detector. 
 
 
[1] J-PET: P. Moskal et al., Acta Phys. Polon. B 47, 509 (2016)  
[2] J-PET: A. Gajos et al., Nucl. Instrum. Meth. A 819, 54 (2016)  
[3] J-�3�(�7�����'�����.�D�P�L���V�N�D���H�W���D�O������Eur. Phys. J. C 76, 445 (2016)  
[4] J-PET: P. Moskal et al., Phys. Med. Biol. 61, 2025 (2016)  
[5] J-PET: P. Moskal et al., Nucl. Instrum. Meth. A 775, 54 (2015)  
[6] J-PET: P. Moskal et al., Nucl. Instrum. Meth. A 764, 317 (2014)  
[7] J-PET: J. Smyrski et al., Nucl. Instrum. Meth. A 851, 39 (2017) 
[8] J-�3�(�7�����/�����5�D�F�]�\���V�N�L���H�W���D�O������Phys. Med. Biol. 62, 5076 (2017) 
 
  



12 th  International Workshop on Positron and Positronium Chemistry   

August 28 - September 01, 2017 
Lublin, Poland 

 P35 | Developing new routine for processing two-dimensional coincidence 
Doppler energy spectra. 

 
P.S. Stepanov1,*, S.V. Stepanov2 and F.A. Selim1 

 
1Center for Photochemical Sciences, Bowling Green State University, OH, USA 

2Institute of Theoretical and Experimental Physics, Moscow, Russia 
 
*email: petrs@bgsu.edu 
 

Coincidence Doppler broadening spectroscopy is a powerful technique to study the 
electron states in a wide range of materials and characterize defects. 

Most of the current techniques implement background subtraction algorithms based on 
single-dimensional background fitting processes [1]. In current work we developed a new 
routine for two-dimensional background fitting of the Doppler spectra (Fig. 1). Subtraction of 
this two-dimensional fit provides a spectrum with more energy pairs related to the same 
positron-electron annihilation event. This results in improved calculations of the electron 
momentum distribution. 
 

 
 
Fig. 1. Background fit of the two-dimensional annihilation energy spectrum of aluminum. 
 

The shape of two-dimensional energy spectrum can be improved if we include 
contribution of three-gamma annihilation events in in the aforementioned background fit. 

One-dimensional Doppler spectrum obtained from the 2D histogram should be 
stretched by the value of a square root of two. Additionally, when calculating S and W 
parameters from the two-detector Doppler spectrum the integration ranges should be 
multiplied by a value of two compared to single-detector experiment. 

Setting the fitting function of the Doppler spectrum as a sum of parabola and Gaussian 
functions allows us to estimate the Fermi energy of the  material under investigation. 
 
 
[1] P. Pikart, C. Hugenschmidt, Nucl. Instrum. Methods Phys. Res., Sect. A, 750, 61�±68 (2014) 
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 The irradiation-induced evolution of vacancy type defects in various iron-chromium 
model alloys and high chromium ferritic/martensitic steels have been studied using 
coincidence Doppler broadening spectroscopy. Specimens were neutron irradiated to 0.11 dpa 
�D�W�� �W�Z�R�� �G�L�I�I�H�U�H�Q�W�� �W�H�P�S�H�U�D�W�X�U�H�V���� �������ƒ�&�� �D�Q�G�� �������ƒ�&���� �,�W�� �K�D�V�� �E�H�H�Q�� �I�R�X�Q�G�� �W�K�D�W�� �W�K�H�� �P�L�F�U�R�V�W�U�X�F�W�X�U�H��
(ferrite vs. ferrite/martensite), more precisely distribution of dissolved carbon within the 
matrix is one of the key factor that affect response of the materials to neutron irradiation. 
Presence of dissolved carbon within the matrix leads to formation of stable and immobile 
carbon-vacancy complexes which act as traps for irradiation induced vacancies and therefore, 
leading to increased formation of vacancy clusters. Impact of carbon-vacancy complexes on 
defects evolution during neutron irradiation is relevant only for certain irradiation 
temperatures.  
  
 
[1] �0���-���� �.�R�Q�V�W�D�Q�W�L�Q�R�Y�L�ü���� �:���9���� �5�H�Q�W�H�U�J�K�H�P���� �0���� �0�D�W�L�M�D�ã�H�Y�L�ü���� �%���� �0�L�Q�R�Y���� �0���� �/�D�P�E�U�H�F�K�W���� �7���� �7�R�\�D�P�D�� M. 

Chiapetto, L. Malerba, Phys. Stat. Sol. A. 213/11, 2988 (2016) 
[2] C. Domain, C. Becquart, J. Foct, Phys. Rev. B 69, 144112 (2004) 
[3] �0�����0�D�W�L�M�D�V�H�Y�L�ü�����(�����/�X�F�R�Q�����$�����$�O�P�D�]�R�X�]�L����J. Nucl. Mater. 377, 101 (2008) 
[4] V. Slugen, V. Krsjak, W. Egger, M.Petriska, S.Sojak and J. Vetrenikova, J. Nucl. Mater. 409, 163 (2011) 
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Nanosized iron oxide powders are materials considered with regard to its application 
in medical therapy called hyperthermia [1]. Magnetite nanopowders with crystallite size 
varying from 6.6 to 11.8 nm have been prepared by the co-precipitation method [2]. In this 
study a change of a crystallite size is driven mainly by varying of initial pH of water ammonia 
solution in which a process of magnetite precipitation runs. 

Crystallographic structure and phase composition obtained samples and the size of 
magnetite nanoparticles were determined by XRD method using Cu K�D radiation. 
�0�|�V�V�E�D�X�H�U�� �P�H�D�V�X�U�H�P�H�Q�W�V�� �F�R�Q�I�L�U�P�H�G�� �W�K�D�W�� �Q�D�Q�R�V�L�]�H�G��Fe3O4  free-flowing powders with sizes 
above 10 nm are superparamagnetic at room temperature.   

Positron lifetime spectroscopy (PALS) has been used to assess defectiveness 
of   microstructure. Experimental PALS spectra were successfully resolved into three lifetime 
components. The third component (�W3 �| 1.6 ns, I3 �| 0.2 %) can be assigned to a process 
of pick-off annihilation of o-Ps formed in free space between powder particles and due to 
small intensity is excluded from further discussion of results. Lifetime of positron annihilating 
from delocalized state in perfect bulk material derived from two-state trapping model [3]:  

, (1) 

could be determined only for reference bulk magnetite (Alfa Aesar, dc = 44 �Pm). In all Fe3O4 
nanopowder samples positron trapping achieves saturation, as a consequence of very high 
defect concentration. Two types of defects were revealed in the samples with nanometric size 
of grains. To the first one vacancy clusters in grain insides belongs. The second category of 
defects is composed of larger vacancy clusters in intergrain boundaries. In a table below the 
PALS parameters for bulk reference sample and for sample with the crystallite size of 10 nm 
are shown. 
 

Table 1. PALS parameters for nanosized Fe3O4 powders. 

Sample �W1 [ps] I1 [%] �W2 [ps] I2 [%] �Wb [ps] �Wm [ps] 

Bulk Fe3O4    
magnetite large 
pores 

142.5(8) 66.72(87) 289.0(2.6) 32.80(70) 173.3(8) 193.2(1) 

S3, dc=10 nm 265.8(8.5) 22.6(2.8) 424.5(3.7) 77.2(2.7) not determ. 391.1(3) 

Contrary to the PALS results in other nanocrystalline ferrites prepared as compacted 
powders [4] a lifetime of positron annihilation from delocalized state shortened by positron 
trapping in defects is not observed in annihilation spectra of nanosized Fe3O4 powders. 
  
 �>���@���%�����&�K�X�G�]�L�N�����$�����0�L�D�V�N�R�Z�V�N�L�����=�����6�X�U�R�Z�L�H�F�����*�����&�]�H�U�Q�H�O�����7�����'�X�O�X�N�����$�����0�D�U�F�]�X�N�����0�����*�D�J�R������Int. J. Hyperther. 

32, 842 (2016). 
 [2] Maryam Tajabadi, Mohammad E. Khosroshahi, MAPCBEE Proc.3, 140 (2012)  
 [3] A. Seeger, Appl. Phys. 4, 183 (1974) 
 [4] S. Bandyopadhyay, A. Roy, D. Das, S. S. Ghugre and J. Ghose, Philos. Mag. 83, 765 (2003)   
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It is well known that hydrogen leads to embrittlement in various metals, so that it is 
very important to clarify the origin of this mechanical degradation. Thermal desorption 
spectroscopy (TDS) has been often applied to study the defects induced in �.-iron by hydrogen 
embrittlement (HE) and the critical defects are attributed to be the peak at 373 K[1], although 
its assignment has not been done yet.  Positrons are highly sensitive to open-volume type 
defects.  In this work the defects that give rise to hydrogen embrittlement in �.-iron have been 
examined by positron annihilation lifetime spectroscopy (PALS). In a previous study a long 
li fetime (>300ps) corresponding to the presence of vacancy clusters appeared in PALS 
measurements of �.�±iron strained in a hydrogen environment, although those vacancies hardly 
form without hydrogen [2] . It has been reported that the susceptibility to hydrogen 
embrittlement strongly depends on the strain rate.  It means that the diffusion of hydrogen is 
related to hydrogen embrittlement, so that we expect hydrogen-vacancy complexes as the 
crucial defects in HE. Hence, we have investigated the defect dependence on the strain rate in 
�.-iron and tried to elucidate the crucial defects by measuring the temperature dependence of 
the positron annihilation spectra from 170 K to 520 K. 

The positron lifetime vs. temperature dependence for the slow-strained sample is 
shown in Fig. 1.  The longest lifetime due to vacancy clusters increased gradually from 250 K 
to 370 K. The induced hydrogen-vacancy complexes released hydrogen, and, as a result, the 
remaining monovacancies became mobile. That is why the vacancy clusters become larger 
from 250 K to 370 K. On the contrary, HE was not observed in the fast-strained sample: the 
longest lifetime corresponding to the vacancy cluster remained constant until 300 K and 
increased at 315 K, indicating that there were no mobile vacancies  below 300 K. From these 
results, it can be concluded that the vacancy-hydrogen complexes are the crucial defects in �.-
iron in HE. 

 
Fig.1  Positron lifetime dependence on temperature for slow-strained iron during the H charge. 
 
 
[1] K. Takai et al. Acta Materialia 56, 5158 (2008)  
[2] K.Sakaki et al. Scr. Mater. 55, 1031 (2006) 
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 The paper presents the results of research of nanocrystalline AISI 316L type stainless 
steel and nanocrystalline Armco pure iron processed by severe plastic deformation using 
hydrostatic extrusion method. Surface and subsurface of the steel samples extruded at 
different pressure were investigated using variable energy positron beam. It enabled us to 
determine the positron diffusion length and compare its values with those for annealed AISI 
304 stainless steel. Furthermore positron lifetimes and microhardness were measured for all 
the samples and X-ray diffraction was used to estimate the crystallite size.  
 
Key words: stainless steel, Armco iron, plastic deformation, hydrostatic extrusion, variable 
energy positron beam, X-ray diffraction 
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 Shot peening (SP), a finishing method for machine elements, was applied to austenitic 
stainless steel  (SS) EN 1.4541. SP was performed at various impact energies (E), impact 
densities (j) and ball diameters (D). Changes in the surface layer caused by SP result in its 
improved microhardness, which increases monotonically with the increase of E, j and 1/D. 
However, its changes with E and j achieves saturation at about 400 HV0.5. In contrary, no 
saturation is observed in the investigated range for 1/D. 
 Our previous studies have shown the properties of unalloyed, bearing and carburizing 
steels, and aluminum and titanium alloys can be connected to the microstructure of the 
surface layer revealed by positron annihilation lifetime spectroscopy (PALS) [1,2]. Therefore, 
the same approach was applied to the stainless steel EN 1.4541. In the un-shot peened 1.4541 
SS, lifetime component corresponding to the positron annihilation from delocalized state of 
positrons in bulk was found. Its lifetime (86 ps) is shortened due to positron trapping in 
defects, which are represented by the second component with lifetime (164 ps) suggesting that 
among the defects predominate vacancies on the edge dislocations. In the shot peened 1.4541 
SS samples the bulk component is no longer observed. Instead, two types of defects can be 
identified: vacancy-like defects coupled with edge dislocations (150 ps) and monovacancies 
or their small clusters (180-190 ps). 
 In contrary to our previous studies, PALS and hardness testing results do not 
correspond very well. The most probable reason for this are different depth profiles of both 
methods. It seems that the defects, which are responsible for the increase of static 
microhardness above 400 HV0.5 are located mostly below the surface layer penetrated by 
positrons. 
 
 
[1] R. Zaleski, K. Zaleski, M. Gorgol and M. Wiertel. Applied Physics A 120, 551-559 (2015). 
[2] R. Zaleski, M. Gorgol and K. Zaleski. Physics Procedia 35, 92-97 (2012). 
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 Positron Annihilation Lifetime Spectroscopy (PALS) allow to examine structure of 
materials at nano and sub-nanometer level. This technique is based on the lifetime and 
production intensity of ortho-positronium atoms in free volumes of given structures. Mostly it 
has an application in studies of organic material, but it can also be used for studies and 
morphometric imaging as proposed in patent [1]. Some studies performed e.g. by group of  
Y. C. Jean [2-4], shows that morphology of cells is correlated with the PALS parameters. 
 Previous studies conducted by the J-PET collaboration of model micro-organisms, e.g. 
Saccharomyces cerevisiae both with dry and aqueous samples allowed to determine the 
correlation between hygroscopicity of the cell and PALS parameters [5-6]. This experiment 
proved that PALS can be successfully used for studies of living organisms their dynamics and 
its relation to the cells morphology. 
 In this poster preliminary results of studies with Cardiac Myxoma tumor will be 
presented. This study is a first step on a way to develop imaging of positronium properties 
produced in the human body during the PET examination. For this aim J-PET group develop 
detector [8-10] and dedicated reconstruction methods [11-12]. 
 
 
[1] P. Moskal et al, Patent Application No.: P 405185, PCT/EP2014/068374  
[2] Y. C. Jean et al, Applied Surface Science 252, 3166�±3171 (2006) 
[3] G. Liu et al, Phys. stat. sol. (c) 4, No. 10 (2007) 
[4] G. Liu et al, Applied Surface Science 255, 115�±118 (2008) 
�>���@���%�����-�D�V�L���V�N�D���H�W���D�O����Acta Phys. Polon. B 47, 453 (2016) 
[6] E. Kubicz et al, Nukleonika 60, 749 (2015) 
�>���@���3�����0�R�V�N�D�O�����1�����=�R�����H�W�����D�O����Nucl. Instr. and Meth. A 775, 54 �± 62 (2015) 
[9] P. Moskal et al, Phys. Med. Biol. 61, 2025-2047 (2016)  
�>�����@���/�����5�D�F�]�\���V�N�L���H�W���D�O����Nucl. Instr. and Meth. A 786, 105-112 (2015) 
�>�����@���'�����.�D�P�L���V�N�D���H�W���D�O����Eur. Phys. J. C  76:445 (2016) 
[12] A. Gajos et al.  Nucl. Instr. and Meth. A 819, 54-59 (2016) 
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A method for measuring the linear polarization of positron and ortho positronium (o-
Ps)  atom is proposed which is based on the determination of the angular distribution of the 
normal to the decay plane with respect to the o-Ps spin orientation. In the case of the linear 
polarization we can determine it on the event by event basis as a direction of the positron 
motion. The unique geometry and properties of the J-PET enables to design the positron  
source such that the linear polarization of produced o-Ps can be determined. Due to the parity 
violation in the beta decay the emitted positrons are longitudinally polarized with the 
polarization  vector equal to  , where v denotes the positron velocity, c is the speed of 
light. The J-PET is a novel tomography device using plastic polymer instead of conventional 
crystal. It can be used to study the Ps polarization, we can also study the degree of the o-Ps 
polarization which may be monitoring based on the measurements of the angular distribution 
between the normal to the 3 �5 decay plane and the o-Ps spin direction. 
  



12 th  International Workshop on Positron and Positronium Chemistry   

August 28 - September 01, 2017 
Lublin, Poland 

 P43 | Human tissue investigations using PALS technique �± free radicals influence 
 

�%�����-�D�V�L���V�N�D1,*, B. Zgardz�L���V�N�D1, �*�����&�K�R�á�X�E�H�N2, M. Pietrow1, M. Gorgol1, �.�����:�\�V�R�J�O���G1,  
H. Wiktor2, K. Wiktor2, �3�����%�L�D�á�D�V3, C. Curceanu6�����(�����&�]�H�U�Z�L���V�N�L3, K. Dulski3, A. Gajos3,  

�%�����*�á�R�Z�D�F�]3, B. Hiesmayr7 �����'�����.�D�P�L���V�N�D3, G. Korcyl3, P. Kowalski4, T. Kozik3,  
N. Krawczyk3, W. �.�U�]�H�P�L�H��5, E. Kubicz3, M. Mohammed3;8, M. Pawlik-�1�L�H�G�(�Z�L�H�F�N�D3,  

�6�����1�L�H�G�(�Z�L�H�F�N�L3�����0�����3�D�á�N�D3�����/�����5�D�F�]�\���V�N�L4 , Z. Rudy3, N. G. Sharma3, S. Sharma3,  
M. Silarski3, M. Skurzok3, A. Wieczorek3�����:�����:�L���O�L�F�N�L4�����0�����=�L�H�O�L���V�N�L3, P. Moskal3 

 
1 Institute of Physics, Maria Curie Sklodowska University, Pl. Marii Curie Sklodowskiej 1, 

20-031 Lublin, Poland 
2 Medical University of Lublin, �$�O�H�M�H���5�D�F�á�D�Z�L�F�N�L�H������������-950 Lublin 

3 Faculty of Physics, Astronomy and Applied Computer Science, Jagiellonian University,  
30-348 Cracow, Poland 

4 Department of Complex Systems, National Centre for Nuclear Research,  
05-400 Otwock-���Z�L�H�U�N�����3�R�O�D�Q�G 

5 High Energy Physics Division, National Centre for Nuclear Research,  
05-400 Otwock-���Z�L�H�U�N�����3�R�O�D�Q�G 

6INFN, Laboratori Nazionali di Frascati, 00044 Frascati, Italy 
7 Faculty of Physics, University of Vienna, 1090 Vienna, Austria 

8 Department of Physics, College of Education for Pure Sciences, University of Mosul, Mosul, 
Iraq 

 
*email: bozena.jasinska@poczta.umcs.lublin.pl 
 

The Positron Annihilation Lifetime Spectroscopy (PALS) was applied to the samples 
which were the uterine leiomyomatis human tissue and the normal tissue taken from an 
adequate place. The method indicated differences in values of the measured PALS parameters 
for both types of samples. These differences are related mainly to free radicals which were 
present in both tissues. The measurements were performed either in darkness and in presence 
of visible light which influenced the radicals and, as a result, made changes in PALS 
parameters values. 
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