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THANK YOU FOR 
ORGANIZERS FOR 
GIVING ME AN 
OPORTUNITY  TO  
PRESENT  MY 
RESEARCH DURING 
THIS CONFERENCE. 
IT IS ONE OF THE 
MOST BEAUTIFUL 
CONFERENCE SITE I 
HAVE EVER SEEN.  
I AM GOING TO 
PRESENT RESULTS 
OF COMBINED 
STUDY OF 
POSITRON 
SCATTERING FROM 
THREE CYCLIC 
HYDROCARBONS IN 
A GAS PHASE AND 
POSITRON 
ANNIHILATION IN A 
LIQUID PHASE. 



What is it about? 

The primary goal of this study is to find any qualitative or quantitative links 
between single positron-molecule collisions quantified by cross sections 
measured in a gas phase and annihilation rates measured in condensed 

phase of matter for large molecules. 
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annihilation: 
•  direct (free) 
•  positronium: intrinsic or pick-off 
•  chemical reactions 
•  bound states 

YOU ALL KNOW THE 
STORY. THE 
POSITRON 
IMPLANTED INTIO 
THE CONDENSED 
MATTER IS FIRSTLY 
SLOWN DOWN 
THROUGH THE 
INELASTIC 
SCATTERING. THEN 
IT DIFFUSES 
THROUGH THE 
MATERIAL AT 
THERMAL ENERGIES 
WHERE THE 
ELASTIC 
SCATTERING IS THE 
DOMINANT 
PROCESS AND THE 
END OF THE STORY 
IS THE 
ANNIHILATION 
THORUGH  A 
DIFFERENT 
MECHANISMS. 
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thermally averaged (kT=25meV) 
experimental values

   Zeff ∼ λ = 1 τ

low-pressure noble gases at room temperature 

Theoretical data („many body theory”) from D. G. Green, J. A. Ludlow and G. F. Gribakin, Phys. Rev. A  90, 032712 (2014)   

Positron direct annihilation vs elastic scattering cross-section  

Experimental data from: 

•  P. G. Coleman, T. C. Griffith, G. R. Heyland, and T. L. Killeen, J. Phys. B: At. Mol. Phys. 8, 1734 (1975) 

•  T. J. Murphy and C. M. Surko, J. Phys. B: At., Mol. Opt. Phys. 23, L727 (1990) 

•  G. L. Wright, M. Charlton, T. C. Griffith, and G. R. Heyland, J. Phys. B: At. Mol. Phys. 18, 4327 (1985) 

•  T. C. Griffith and G. R. Heyland, Phys. Rep. C 39, 169 (1978) 

•  K. Iwata, R. G. Greaves, T. J. Murphy, M. D. Tinkle, and C. M. Surko, Phys. Rev. A 51, 473 (1995) 

This study is inspired 
by a theoretical and 
experimental  
observation of direct 
correlation between 
the scattering cross 
sections and 
annihilation rates for 
free positron 
annihilation in  low-
pressure noble gases 
at room temperature. 
 
Here for a two-body 
collisions, the 
annihilation rate is 
expressed by Zeff 
representing an 
effective number of 
electrons in one 
molecule contributinhg 
to annihiltion process. 
This quantity is directly 
proportionsl to 
annihilation rates. 
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Positron direct annihilation vs scattering cross-section  

Two-body interaction with noble gases and simple molecules  
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   Zeff ∼ λ = 1 τ

spatial region 
 of the effective  

positron-target interaction 

 Rt ±δ Rt  σ el - elastic scattering cross section 

 η0 - s-wave scattering phase-shift 

G. F. Gribakin, Phys. Rev. A 61, 022720 (2000) 

Quantitatively, this 
direct correlation is 
given by analytical 
model of Gribakin from 
Belfast University in 
Northern Ireland. 
 
 
 
 
This simple model 
takes into account the 
fact that 
the electron density 
drops quickly outside 
the atom/molecule, 
and the positron 
density decreases 
rapidly inside the 
molecule. Therefore 
the effective 
interaction is limited 
only to  relatively thin 
shell enclosing the 
studied system. Model 
is valid only for the 
thermal energy range 
where the s-wave 
contribution is 
dominant within the 
partial wave 
formalism. 
 
 
 
 
 



Benzene C6H6 Cyclohexane C6H12 Aniline C6H5NH2 

M ≈ 0 [D] M ≈ 0 [D] M ≈ 1.13 [D] 

α ≈ 70.9 [a0
3] α ≈ 73.8[a0

3] 

CRC Handbook of chemistry and physics, ed. 86 (2005) 

Dipole polarizabilities: 

Permanent dipole moments: 

  Subjects of present investigation 

Here the subject of 
study are large 
molecules. Both 
benzene and 
cyclohexane are non-
polar molecules 
charcterized by similar 
dipole polarizability, 
while aniline is a polar 
molecule with 
permanent dipole 
moment a little bit 
lower than the one in 
water. 

α ≈ 81.7[a0
3] 



Trento low-energy gas-phase positron beam experiments 

G. P. Karwasz, R.S. Brusa, M.Barozzi and A.Zecca, Nuclear Instr. and Methods in Physics B 171, 178 (2000) 

One of the co-authors  
of this presentation– 
prof. Garwarsz 
Karwasz performed 
the measurements of 
total cross section for 
positron scattreing in 
gas phase. These 
experiments was 
carried out using a 
low-energy gas-phase 
positron beam 
spectrometer located 
at Trento University in 
Italy. 



Total cross-section for positron scattering from benzene, 
cyclohexane and aniline in a gas phase 
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Benzene
Cyclohexane
Aniline

"bump"

cyclohexanebenzeneaniline

positronium formation
tresholds ("Ore gap model")

G.P. Karwasz, D. Pliszka, R.S. Brusa, C. Perazzolli, Acta Phys. Pol. 107, 666 (2005) 

? 

Total cross sections 
were measured in the 
positron energy range 
between 0.5eV and 
20eV. We can notice 
that total cross 
sections in aniline and 
benzene practically 
coincide in the 0.5-10 
eV energy range while 
the results for 
cyclohexane are by 
some 20-30% lower. 
We can also notice 
small but reproducible 
structure at around 3 
eV. It is above the 
positronium formation 
treshold estimated 
from Ore gap model. 
We have  no 
explanation for its 
origin . 
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Total cross-sections in the literature for C6H6, C6H12 and C6H5NH2 
Regarding the 
literature, there are 
few reported 
experimental and  no 
theoretical data  for 
these molecules.  
 
In fact TCS for 
benzene where 
measured only by two 
experimental systems: 
the one from Trento 
and the second one 
from Yamaguchi 
University in Japan (by 
Sueoka and co-
workers) The results 
reported by the same 
Japanese group 
(Sueoka nad 
Makochenkawa) are 
completly different  
due to a different 
setting in their system.  
 
On the other hand one 
Karwasz, measured 
data in 2005. Two 
years later a different 
group (Zecca and co-
workes) reported the 
results for these 
mollecules using the 
same system. There is 
no difference between 
these two sets except 
the  fact, That Zecca’s 
data are shifted by 
0.2eV.  
Note also a difference 
between Trento data 
and Yamagouchi data 
for cyclohexane. 
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benzene
cyclohexane
MERT

εb=80 meV 

εb=150 meV 

  
σ el 0( ) = 2π

εb

G. F. Gribakin, J. A. Young, C. M. Surko, 
Rev. Mod. Phys, 82, 2557 (2010) 

 Extrapolation of total cross-section down to thermal energies by  

Modified Effective Range Theory (MERT) 
(K. Fedus, G. Karwasz, Z. Idziaszek, Phys. Rev. A. 88, 012704 (2013)) 

Because the 
annihilation takes 
place in thermal 
energy range which is 
inaccesible for 
scattering experiments  
and there is no reliabe 
theory at low energies. 
That is why we have 
developed a model 
based on the 
modified… in ordert to 
extrapolate… 
 
 
Here we used MERT 
to extrapolate our CS 
for benzene and 
cyclohexane. MERT 
can be used only for 
non-polar tagets. 
 
To limit the number of 
fitting parameters in 
extrapolation 
procedure we fixed the 
value of the CS in the 
zero energy limit. We 
used tha fact that the 
the large scattering 
length support  the 
presence of virtual or 
bound state for 
positrons in the limit of 
zero energy.  The 
latter was estimated 
using positron binding 
energies determined 
experimentlly by Surko 
and co-workers from a 
shift of vibrational 
modes. We choose 
the best fit which 
provides a continous 
changes of scattering 
phase shiifts as a 
function of poisitron 
energy. As you can 
see the CS for CH are 
higher than for 
benzene at the 
thermal energy range. 
 
 
 
 
This are a cross 
sections that we would 
recommend for these 
two molecules at 
thermal energy range. 
 
 
 
 
 
 
 
 

Following the analogy with noble gases one should expect that annihilation rates should be also larger for C6H12, at least  for a single molecule collisions 
 that is in low pressure gas phase. 



  Anomalous annihilation rates for large molecules in a gas phase  

thermally averaged  <Zeff > at 300K: 

C6H6 ~ 15000   <    C6H12 ~ 20000 

 

Indeed the annihilation 
experiments carried 
out by surko and co-
workers using positron 
trap techniques shows 
that… 
 
However here  a 
dominating elastic 
scattering seems to 
not play an important 
role in the annihilation 
process, becuase 
measured CS are 
anomalously large 
leading to the very fast 
decay of free 
positrons.  This 
indicates a presence 
of some kind of 
resonance effect – 
probably vibrational 
Feschbach 
resonances however a 
theoretical 
interpretation is still 
not clear. 
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benzene
cyclohexane

K. Iwata, R. G. Greaves, T. J. Murphy, M. D. Tinkle, and C. M. 
Surko "Measurements of positron-annihilation rates on 
molecules” Phys. Rev. A 51 (1995), pp. 473-87. 



Positron Annihilation Lifetime (PALS) Measurements 

in liquid phase at room temperature 

•  22Na  source in 7µm thick 
kapton foil with 10µCi 
activity 

•  180ps system resolution 
•  3 acquisitions per sample 
•  >106 counts per acquisition 

Fast 
Coinc. 

START STOP 

ORTEC PALS FAST-FAST COINCIDENCE SYSTEM 

The second part of the 
study are the PALS 
measurements  in the 
liquid phase. 
 
Extensive experiments 
were performed at 
room temperature 
using conventional  
ORTEC PALS system 
in fast-fast coincidence 
configuration. At least 
10 different 
acquisitions per 
sample were done. At 
least milion counts per 
sample were collected. 



PALS results for liquid C6H6, C6H12 and C6H5NH2 

The obtained spectra 
where analysed by two 
methods: 
MELT which  is a 
deconvolution method  
using Bayesian 
algotihms with 
maximum entropy 
principle as 
regularization factor.  
The second method is 
well-known LT10 
software fitting a 
conventional 
mulitexponential 
model to experimental 
data. 
 
Both methods give 
results which are 
qualitatively in good 
agreement with each 
other. 
 
Three lifetime 
components were 
recognized.  

τ1  - para-positronium                             τ2 – direct annihilation       τ3 - ortho-positronium  
       and other fast intristic processes 
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PALS results for liquid C6H6, C6H12 and C6H5NH2 When compare with 
the literature, there is 
a little quantitative 
agreement with the the 
three lifetime 
components repaorted 
by Mogensen. 
Nevertheless both 
results indicates that 
cyclohekxane lifetimes 
are longer than 
lifetimes for benzene. 
 
Interestingly, the orto-
positronium 
annihilation lifetimes of 
Mogensen scale in the 
same way as 
positronium formation 
treshold from Ore-gap 
model. 
 
So we should expect 
that the annihilation 
rates are higher for 
liquid benzene than for 
a liquid cyclohexane. 
This is against the 
trend observed 
between cross section 
and annihilation arte in 
simple tragtes like 
noble gasses. This is 
also in contradiction to 
what we generally 
observe in a gas 
phase annihilation 
experiments. 
 
 

τ1  - para-positronium                             τ2 – direct annihilation       τ3 - ortho-positronium  
       and other fast intristic processes 
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O. E. Mogensen, Positron 
Annihilation in Chemistry, 
Springer-Verlag, Berlin 1995. 
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M Charlton, T Giles, H Lewis and D P van der Werf, J. Phys. B: 
At. Mol. Opt. Phys., 46, 195001  (2013) 

  Complex behaviour of annihilation rates in condensed matter 

New advanced positron chemistry models are needed in order to describe how the 
multi-body interaction in condesned matter distorts the character of single  

positron – molecule interaction. 

To explain tthe 
peculiarities in liquid 
phase experiments we 
need a help of positron 
chemistry. 
 
The achievements of 
positron chemsitry 
shows that the nature 
of  positron interaction 
with in condesned 
matter is very complex 
interaction. For 
example the 
annihilation rates 
become a function 
density for gaseous 
media. Many different 
models has been 
developed to describe 
mainly the positronium 
formation, however 
these models have 
more qualitative than a 
quantitative character. 
 
 
That is why we started 
to study positron 
chemistry models 
 
…. 
We still do not 
understand how… 
 
 
I believe that 
In future  new models 
of 
Positron 
Chemistry 
can provide the 
Answer, 
To answer the 
question posed at the 
beginning of this 
presentation… 
 
We plan to lunch more 
experiments in the 
organic materials in a 
liquid phase… 
 
Now, with a new 
generation of 
commercially available 
fast-fast coincidence 
set-ups with less than 
200 ps resolution, see 
for ex. [14] and new 
softwares allowing to 
incorporate the 
dispersion of lifetimes 
[15, 16], such a come-
back to positron 
annihilation in 
hydrocarbons seems 
plausible.  
 
 
 
 
 
 
 

Ø  Spur models 

Ø  Ore gap models 

Ø  Blob models 
 
… 

 



Thank you for your attention 

Toruń, Poland 



 Extrapolation of total cross-section down to thermal energies by  

Modified Effective Range Theory (MERT) 

V(r) 

r 

r=rcut-off 

long-range 
polarization 
potential 
 

Vs(r), short-range potential 
 

  
− α

2r4

  
l(l+1)

2r2centrifugal 
barrier: 

e+ 

  
− 1

2
d 2

dr 2 +
l l +1( )

2r 2 − α
2r 4 −VS r( )− E

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
rRl k,r( ) = 0

For these purpose we 
developed a model 
based on the so-called 
Modfifed effective 
range theory.  
 
In this approach we 
devidethe interaction 
potential beteween 
charge partcile and 
electron clodu  for a 
long-range polarization 
potential and unknown 
short range potentail. 
Then we solve the 
radial Schrodinger 
equation within the 
partail wave formalism 
by suposing thata the 
long-range interaction 
is dominant…. 
 
 
 
 
 
 
 



( ) ( ) ( )
2*2

2
2 2 4

1
0l

Rl ld k r
dr r r

Φ
⎡ ⎤+⎢ ⎥− + + =
⎢ ⎥
⎣ ⎦

   
Φ l r( ) ∼

r→∞
sin kr − 1

2
lπ +ηl

⎛
⎝⎜

⎞
⎠⎟

Behavior of the solution at large r 

Mathieu differential equation: 

Scattering on polarization potential 

T. F. O’Malley et al. J. Math. Phys. 2, 491 (1961)  

Behavior of the solution at small r 

   
Φ l r( ) ∼

r→0
r sin R* r +φl( )

lφshort-range phase: 
0 0.2 0.4 0.6 0.8 1-4
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r / R*
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(r
)

0

*

0
0

5

l

kR

φ
=
=

=

*R α= - characteristic range of r-4 interaction 

total phase shift:  ηl

Z. Idziaszek and G. Karwasz, Phys. Rev. A 73, 064701 (2006) 

 

… while the short-
range effect can be 
included within the 
farme of some 
boundary conditions 
imposed on the wave 
function being the 
solution of radial 
schrodeinger equation 
with pure polarization 
potential. 
 
 
 
 
 
 
 



Scattering phase shift 

( )
( )

,
determined from analytical properties of Mathieu functions (tabulated)

,
l l

l l

m m E

E

α
δ δ α

⎫= ⎪
⎬

= ⎪⎭
Z. Idziaszek and G. Karwasz, Phys. Rev. A 73, 064701 (2006) 

K. Fedus et al., Phys. Rev A 88, 012704 (2013)  

 Short-range contribution: 

the effective range expansions 

Rl – the effective range of short-range effects 

R* 
~ Rl

4

2

2
~)(

r
erV α−

short-range effects

polarization effects

Bl – the zero energy contribution of short-range effects 

  
tanηl =

ml
2 − tan2δ l + tan φl + lπ 2( ) tanδ l ml

2 −1( )
tanδ l 1− ml

2( ) + tan φl + lπ 2( ) 1− ml
2 tan2δ l( )

  tan φl + lπ 2( ) ≈ Bl + Rl R
*k 2 2+ ...

As results  we can 
derive an analitycal 
expression for the 
partial wave scattering 
phase shift with a 
short range 
contribution 
approixmated by the 
effective range 
formula. 
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Kr 

  
σ (k) = 4π

k 2 (2l +1)sin2ηl (k)
l
∑

WI checked that we 
can combine our 
MERT model with 
Gribakin’s formula to 
describe CS and 
annihilation rates 
using few parameters. 
 
 
 
 
 
 
 
 
 

 Extrapolation of total cross-section down to thermal energies by  

Modified Effective Range Theory (MERT) 

K. Fedus, G. Karwasz, Z. Idziaszek, Phys. Rev. A. 88, 012704 (2013) 
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Zeff  from D. G. Green, J. A. Ludlow, and G. F. Gribakin, Phys. Rev. A  90, 032712 (2014)   

Fit to Zeff data And by combining it 
with the model of 
Gribakin we can 
describe the 
annihilation rate in a 
gas phase at thermal 
energy range. 
 
 
 
 
 
 
 



Positron direct annihilation vs elastic scattering cross-section 

  
Simple molecular target: N2 
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Fit
N2 (Darewych et al.)

two thermally averaged
experimental points as
quoted by Fraser (1968)

G.P. Karwasz, D. Pliszka, R.S. Brusa, Nucl. Instr. Meth. B, 247, 68 (2006) 

J. W. Darewych and P. Baille, J. Phys. B: Atom.  Molec. Phys. 7 (1974) 

P.A. Fraser, Adv. atom. molec. Phys. (New York Academic Press) 4 63-107 (1968)  
  

I checked that it works 
also very well for 
simple molecular 
target such as N2. 
 
 
 
 
 
 
 




