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At the begining I want 
to thank the 
ORGANIZERS FOR 
GIVING ME AN 
OPORTUNITY  TO  
give a talk DURING 
THIS CONFERENCE.  
 
 
I AM GOING TO 
shortly discribe some 
chosen aspects of 
positron interaction 
with a matter in a gas   
phahse restricting the 
attention to energies 
below the positron 
formation threshold. 
 
 
At the end I will also 
discuss if it is possible 
to describe the 
positron behaviour in 
condesed phase in the 
terms of binarry 
collisions . 
 



One	of	the	objec,ves	of	our	study	is	to	find	any	qualita,ve	or	quan,ta,ve	links	between	
low-energy	positron	interac,on	with	the	ma>er	in		gas	and	condensed	

	phases	–	regarding	also	the	annihila,on	process.		

Binary and multibody interactions 

positron – gas interaction positron – condensed matter  
interaction 

At positron laboratory 
in Torun we study 
experimentally and 
theoretically studies in 
these two distinct 
fields. 
 
 
Just let me remind 
you, that in the low-
density gases the 
inetraction has an 
binary chararacter 
where one positron  
interacts with one 
atom or molecule. 
 
On the other hand in 
condensed matter the 
interaction has a 
multibody nature. 
 
As I said one of the….. 
The phenomenon 
which is of course the 
main subject of current 
conference. 
 
 
 
 
 
 
 



Positron – gas interaction 
scattering channels 

														p	=	p’ 

•  elas'c	sca)ering 

•  virtual	positronium?		

p≠p’	

•  rota'onal,	vibra'onal		

					or		electronic	excita'on	

•  	ioniza'on	
Ø  positronium	forma'on	

Ø  direct	annihila'on		
											(2γ	or	3γ)	

  
!
p

  
!
p'

In binary collisions, 
different stories can 
happen when the  
incident  positron with 
momentum p interacts 
with single atom or 
molecule. When  the 
value of its momentum 
is preserved after the 
interaction we talk 
about elastic 
scattering. However it 
is not the only process 
which can preserve 
the momentum- there 
is also a theoretical 
possibility of virtual 
positronium formation. 
That a positronium  
that exists within a 
time interavl given by 
the uncertainty 
principle. After that 
time positron flies 
away with the same 
energy. 
 
So far it is only a 
theoretical contruct  
but there are some 
experimental premises 
showing that these 
effect can be present 
during the interaction. I 
will disucss abiut it 
later. 
 

When the momentum  value is not 
preserved a part of positron energy can 
be used for rotational, vibrational or 
electronic excitations, for ionization or 
for positronium formation 
 
And finally in addition to all these 
channels, the positron can directly 
annihilate with an electron emitting wor 
3 gamma rays – the first procroes is 
much more probably I will talk only 
about it. 
 
 
 
 
 
 



Cross – sections  
Total cross-sections = the overall probablility of a single positron scattering  

                     (sum over all active scattering channels) 

The probability of 
occurance of each 
channel is energy 
dependent and it is 
expressed by 
measurable and 
energy-dependent 
quantities–cross-
sections Here you can 
see a typical typical 
partial and total CS 
variations vs positron 
energy for e+-Ar 
interaction. 
 
The TCS is a sum 
over all partial CS and 
it expresses the 
overall probability of 
single positron 
scattering. 
 
In TCS you can 
always find a 
characteristic bump for 
energies higher than 
difference between 
ionizatio energy and 
6.8eV. This is of 
course, in agreement 
with the Ore gap 
model, the treshold for 
positronium formation. 
The contribution of this 
process increases 
TCS. 
 
Below this energy only 
two pcesses 
contributes to TCS, 
that is an elastic 
scattering and direct 
annihilation 
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MCMC−MERT fit
TCS − Karwasz et al. (2006)
TCS − Jones et al. (2011)
Ps − Jones et al. (2011)
Ioniz. − Van Reeth et al. (2002)

Ps

ioniz.

e+ − Ar

elastic

annihilation
x 104

(McEachran		et	al.)	

Eps	=	(I	–	6.8)	eV	

direct	

While	the	positronium	forma,on	
cross-sec,on	are	on	the	order	of	
elas,c	CS.	The cross-sections for 
direct annihilation are more than 
5-orders of magnitude lower that 
elastic scattering cross-setcions. 
So the latter process is much 
more probable. 
 
 
 
In addition, please note that that e 
experimental data for IECS data 
are avaiable for energies not lower 
than 0.1eV. The measurements at 
lower energies are difficult due to 
the technical difficulties in 
producing cold mon-energetic 
positron beams indispensible fo 
this kind of experiments. 
 
So in lower energies we have to 
rely on theoretical claculations in 
order to estimate  elastic  
scattering cross-section.  
For example here you can see 
unpublished applicability our semi-
empirial predictive model based 
on the Bayesian statistics shwoing 
how the elastic CS should looks 
like if the data of karwasz are 
correct. It is unpublished results 
but results, but it is is more or less 
consisnetnt with avaiable more 
fundamental theories showing an 
increase ot IECS down to zero 
energy. 
 



Cross-sections and annihilation rates 

  
σ ann =

πr0
2c

v
 

  
σ ann =

πr0
2c

v
 Z

  λ =σ annvn = πr0
2cZn

For	slow	positrons	v	<<	c	:	

free	positron	–	electron	annihila'on	

positron	–	atom	annihila'on	(Z	bound	electrons)	

annihila'on	rates	
	
	=	number	of	events	per	second	

The expression for a direct 
annihilation of slow positrons with 
freeelectron was first derived by 
Dirac. It is inversly proportional to 
the speed of positron. 
 
In the case of positron – atom 
interaction we have Z bound 
electrons, so in first approach we 
can mulitply Dirac relation by Z. 
 
The annihilation rates -a number 
of annihilation evenets per unit 
tim, that are directly measured in 
experiments linearly proportional 
to the cross section and the gas 
density. 
 
 
If the annihilation rates increases 
linearly with the gas density we 
have an indication that there are 
the binary positron – atom 
collisions. 
 



Zeff – effective electron number 

   
Zeff = Z Ψ !rp , !r1,

!r2 ,..., !rz( )∫
2
δ !rp −

!ri( )d!rpd!r1d
!r2...!rZ

Zeff	can	interpreted	as	a	measure	of	the	probability	of	the	positron	being	at	the	same	posi,on	
as	any	one	of	the	electrons	in	the	target	and	it	can	be	calculated	from	the	total	positron-atom	
sca>ering	wave	func,on		

Humberston	and	Wallace,	J.	Phys.	B	5,	1138	(1972)	
	

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

Deforma,on	of	electronic	cloud:	
	
•  long-range	dipole	interac'on	

•  short-range	correla,on	effects	

Hydrogen	

It was quickly found, that 
measured annihilation  rates in a 
gas phase are much higher  than 
prediction based on a simple Dirac 
relation, particularly at very low 
energies. 
 
For example, for hydrogen Z – the 
number Z was found to be 8 
instead of  1. While for xenon is 
almost 1 thousnad instead of 54. 
 
This large annihilation rates were 
explained by replacing the real 
electron number with Zeff, the 
effective electron number in Dirac 
relations. The latter is defined 
as…. It is an important quantity 
beacause it isfrequently used to 
charaterize annihilation in gas 
phase and condensed phases. 
 
The high Zeff  values are 
explained by  the long range 
dipole interaction of distorting the 
electronic clouds by positron, 
increasing  the electron density in 
proximity of positron position. 
 
 
 



Induced-dipole polarization effect on elastic 
scattering cross-section 

Using MERT which 
was developped for 
electron scattering we 
proved that the we 
exactly the same 
effect is reposnsible 
for enhancement of 
the elastci scattering 
CS. 
 
 
 
 
 
 
 
 
 

enhancement	due	to	
the	a)rac've	
induced-dipole	
polariza'on	
interac'on	
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ab-initio many body calculations by: 

D. G. Green, J. A. Ludlow and G. F. Gribakin, Phys. Rev. A  90, 032712 (2014)   

Positron direct annihilation vs elastic scattering cross-section  Recently it was proved 
by Gribakin and co-
workers from Belfast 
University using mony 
body ab initio 
calculations that this 
effect enhance both 
elastic scattering CS 
and annihilation rate 
expressed by Zeff. 
 
Higher dipole 
polarizability – highre 
IECS and Zeff. 
 
Moreover they argue 
that this attractive 
interaction is so strong 
that at zero energy it 
supports the existance 
of shallow bound 
state. 
 
 
 
 
 
 
 
 
 
 
 



Rt 

δRt δRt 

  
Zeff E( ) = F Rt

2 +
σ el E( )

4π
+

Rt

k
sin 2η0 E( )⎡⎣ ⎤⎦

⎛

⎝
⎜

⎞

⎠
⎟

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)	

Positron direct annihilation vs elastic scattering cross-section 

At	low	energies	Zeff	can	be	modeled	by	the	following	rela,on:		

Gribakin provided 
even a simple 
analytical formula 
relating the 
annihilation rates with 
the elastic scattering 
CS.  
 
I do not want to speak 
about detalis given in 
this equation. To 
calculate Zeff as a 
function of energy we 
need to know elastic 
scattering CS and the 
s-wave phase which 
can be determine at 
thermal energies using 
our MERT. 
 
 
 
 
 
 
 
 
 
 
 



Direct annihilation at low energies in binary collisions 

Fedus	and	Karwasz,	Acta	Physica	Polonica	(2013)	

We have shown it in 
our paper being a 
contrbibution to the 
last Polish Seminar on 
Positron Annihilation. 
 
Combining simple 
Gribakin formula with 
our MERT we can 
quite reproduce some 
more advance 
calculations at thermal 
energy range. 
 
 
 
 
 
 
 
 
 
 
 

Gribakin	formula	+	MERT	



Virtual positronium 

  
Δt = !

E − I − Eps

G.	Laricchia	and	C.	Wilkin,	Phys.	Rev.	Le).	79,	2241	(1997)	

(predicted	by	model)	

The	total	annihila,on	rate	to	be	the	sum	of	direct	annihila,on		and	the	
annihila,on	 of	 virtual	 positronium	 due	 to	 ‘‘self’’	 and	 ‘‘pickoff’’	
annihila,on.	

The	virtual	positronium	can	be	formed	
	for	a	,me	interval:	

As I said before in 
addition to the elastic 
scattering and direct 
annihilation, there is 
also antoher process, 
the virtual positronium 
that can be present 
below the energy 
treshoold for real 
positronium formation. 
 
Laricchia and Wilkin 
proposed a 
phenomenologicla 
model where the total 
annihilation rate is the 
sum… 
 
Model works 
resonably well for a 
noble gases and small 
molecules, however it 
does not follow an 
experimental data for 
a large and more 
complex systems. 
 
 
 
 
 
 
 
 
 
 
 



Direct annihilation vs virtual positronium annihilation 

Van	Reeth	et	al.,	Physica	Scripta,	71	C9	(2005)	

Qualita've	energy	dependence	of	the	ra'os	of	the	annihila'on	cross-	sec'on	(Qann)		
to	the	collision	cross-sec'on	(Qc)	

G.	Laricchia	and	C.	Wilkin,	Phys.	Rev.	Le).	79,	2241	(1997)	

The model of Larrichia 
and Wilkin shows also 
that the contribution of 
virtual positronium to 
annihilation rate is 
important only in the 
proximity the treshold 
for real positronium 
formation. At lower 
energies this efect is 
negligabe. 
 
However the 
annihilation 
experiments with 
monchromatic positron 
beams are difficult to 
be carry out in 
proximity of 
positronium formation. 
The model was not 
proved so far. 
  
Moreover the idea that 
pick- off annihilation 
would greatly enhance 
Zeff has been 
criticised as being 
based on 
unrealistically high 
estimates for electron- 
positron correlations. 
Nevertheless the idea 
of virtual positronium 
is not dropped totally. 
 
 
 
 
 
 
 
 
 
 
 



Virtual positronium contribution  
to elastic scattering cross-section Recently, the Gribakin and 

co-workers showed that 
the inclusion of this efect 
in many body theory is 
indispensible in order to 
explain a flat part of IECS 
in Argon and Krypton 
appearing  just before 
poritronium formation 
treshold. 
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Karwasz et al. (2006)
Karwasz et al.*
Zecca et al. (2009)
Machacek et al. (2013)
Machacek et al. ang. corrected
Mukherjee et al. (2008)
Zhang et al. (2011)
Zammit et al. (2013)
present DFT

e+ + H2

virtual	
positronium?	

In our the most recent 
paper we show that 
probably the rigorous 
inclusion of the same 
effect is necessary in 
order to explain the 
existing discrepancy 
between avaiable 
experimental data and 
theories just before 
the positronium 
formation in the case 
of positron – molecular 
hydrogen scattering. 
 
 
 
 
 
 
 
 
 
 
 



Significant enhancement of annihilation rate in large 
molecular systems 

Cliff	Surko	website:	h>ps://physics.ucsd.edu/research/surkogroup/	

In large molecular 
systems the enregy 
resolved annihilation 
experiments carried 
out  at low energies 
below 1eV) by Cliff 
Surko and co-workers 
from California State 
University in San 
Diego showed a 
significant  resonant 
enhacements of direct 
annihilation rates for 
certain energies. The 
enhancement is large, 
sometime few orders 
of magnitude when 
compare to the energy 
region out of 
resonance. 
 
Comparing the 
positions of the peaks 
for Zeff with the 
infrared absorption 
and Raman spectra 
they deduce that the 
enahncement of 
annihilation is related 
with the vibrational 
modes of molecules.  
 
As you know in large 
molecular systems we 
have we have a 
multitude of low-
energy vibrational 
modes. 
 
 
 
 
 
 
 
 
 
 
 
 



Vibrational Feschbach Resonance (VFR) 

Resonance	in	annihila,on	can	be	described	by	a	vibra,onal	Feshbach	resonance	(VFR)	
mechanism:	
1.  A	positron	approaches	the	molecule	with	the	resonant	energy	(E	=	ΔEVIB	+	εB)	
2.  The	positron	transfers	its	energy	into	a	molecular	vibra,on	of	energy	ΔEVIB	and	drops	

into	a	bound	state	of	depth	εB	
3.  In	this	state,	the	positron	wavefunc,on	strongly	overlaps	the	electron	wavefunc,on	

resul,ng	in	enhanced	probability	of	annihila,on.	

In	this	interpreta,on,	each	Zeff	peak	is	shiged	
below	a	vibra,onal	mode	by	the	binding	
energy	εB.	Cliff	Surko	website:	h>ps://physics.ucsd.edu/research/surkogroup/	

To expalin this effect 
they proposed a 
phenomenological 
mechanism  - the 
vibrational Feschbach 
Resonances. 
 
…and this is what they 
observe eperimentally 
supproting this 
explanation. 
 
However such shifts 
are not present in all 
cases and, where 
present, are often the 
same for a given 
molecule with respect 
to all thresholds. This 
implies that the 
binding of the positron 
depends only weakly 
on the specific mode 
of vibrational 
excitation. It is not 
obvious why this 
should be so, since it 
has been postulated 
that it is the vibrational 
excitation which 
modifies the potential 
sufficiently to give rise 
to the positron binding 



e+ 
γ 

γ 

implantation 

slowing down 

thermal diffusion 

inelastic scattering 

elastic scattering 

annihilation: 
•  direct (free) 
•  positronium: intrinsic or pick-off 
•  chemical reactions 
•  bound states 

Positron annihilation in condensed matter  
(dense gases, liquids, solids) 

Single positron – atom / molecule interaction is modified  
by the presence of neighbours. 

At the end let’s me 
come back to the 
opening question. Is it 
possible to describe 
the positron behaviour 
in condense phase  in 
terms of binary 
collisions. To answer 
this questions we have 
to know how much the 
binary collisions are 
modified by the 
presence of 
neighbouring 
molecules. For 
example we expect 
that a long range 
polarization is 
diminished, the 
vibrational modes of 
molecules are 
changed. 



M. Charlton et al.J. Phys. B: At. Mol. Opt. Phys., 46, 195001  (2013) 

  Annihilation rate as a nonlinear function of gas density 

  λ = πr0
2cZeff n+ bn2

rates of direct e+ - e- annihilation derived from PALS measurements 
Note howverer, that in 
traditional LT mesurements –
implanted positrons into a 
matter have a broad energy 
energy distribution spanning 
over few orders of magnitude. 
One disadvantage of this 
method in the context of this 
study is that positronium 
formation can take place during 
the slowing down of the 
positrons, and subsequent 
annihilation of the thermalized 
positronium atoms can obscure 
the free positron annihilation 
signal. 
  

Traditional LT 
measurements carried 
out for gasses show 
that at high densities 
the annihilation rates  
is no more a linear 
function of gas density.  
 
The quadratic term 
appears which is 
explained as the 
manifestation of three 
body interactions. 
 
 
 
 
  
 



Room temperature PALS results for liquid C6H6, C6H12 and C6H14 

compared to gas phase experiments 

 
To show a diffrence 
between gas phase 
and  condensed 
phase, recently, we 
performed a series of 
RT LT measurement 
for three liquids: 
benzen, cyclohexane 
and n-hexane. 
We determined Zeff 
using a 3-term… and 
naivly assuming that 
there is a linear 
realtion of annihilation 
rates and a liquid 
density (as in gas 
phase). 
The derived values of 
Zeff are close to the 
number of all electrons 
for all molecules when 
using both both our 
data and liftimes 
published by 
Mogensen. On the 
other hand in a gas 
phase– the thermally 
averaged values are 
few orders of 
magnitude higher. 
Though the general 
trend between 
molecules is 
preserved.  
Note also that in the 
gas-phase the n-
hexane has Zeff much 
higher than other two 
molecules. So far the 
reason of this high 
enhancement is 
unknown. Probably is 
related to the 
geometrical structure 
of n-hexane. 
 

Molecule	 present	
Zeff	

Mogensen*	
Zeff	

<	Zeff>th	

C6H14 
50	electrons	

54	 61	 120	000	

C6H12 
48	electrons	

48	 51	 20	000	

C6H6 
42	electrons	

37	 45	 15	000	

  Zeff = πr0
2cnτ 2( )−1

Zeff	determined	in	liquids	using	a	3-term	exponen'al	analysis	
of		life'me	spectra;	suposing	that	an	intermediate	
component		(τ2)	corresponds	to	direct		annihila'on	and	
	a	priori		assuming	a	linear	dependence	on	liquid	density:	

liquid	phase	 gas	phase**	

L.	D.	Barnes	
Positron	annihila,on	on	atoms	and	molecules,	Ph.D.	thesis,	
University	of	California,	San	Diego,	2005	(unpublished).	

*O.	E.	Mogensen,	„Positron	Annihila,on	in	Chemistry”,	Springer-Verlag,	Berlin	
1995.	
**	K.	Iwata,	R.	G.	Greaves,	and	C.	M.	Surko	
"Gamma-ray	spectra	from	positron	annihila,on	on	atoms	and	molecules"	
Phys.	Rev.	A	55	(1997),	pp.	3586-3604.	



Energy-resolved annihilation spectroscopy  
in gas and condensed media at very low positron energies? 

T.	Goworek.,	Annales	UMCS,	Sec'on	AA	–	Chemia,	vol.	LXIX,	(2015)	

quasi-free	
positronium	

free	volumes	
bubble	To	do	a	direct	comparision	

between	low-energy	positron	
behaviours	in	gas	and	condensed	
ma>es	ewe	need	energy	resolved	
spectrocsopy	for	condensed	
phase.	The	tradi,onal	annihila,on	
spectroscopy	has	a	disadvantage	
that	the	positrons	implaneted	into	
the	ma>er	have	a	broad…	
	
	
This	result.	Is	an	example	showing	
how	difficult	is	to	do	compara,ve	
study	between	gas	and	condesned	
phases	using	tradi,onal	
annihila,on	spectroscopy.		
	
IMPROVE	CURRENT	TECHNIQUES	
	
	
Moreover,	most	of	the	studies	in	
liquids	and	solids	are	focused	on	
Ps	forma,ona	and	annihila,on.	
The	la>er	is	quite	well	explained	
by	phenomenologic		models	of	
radia,on	chemistry	such	as	spur	
model	and	its	deriva,ves.	
However	much	less	a>en,on	is	
paid	to	a	direct	annihila,on	
process	which	is	more	important	
for	compara,ve	study	between	
gas	and	condensed	phases.	
	
	
To	get	rid	of	Ps	contribu,on	
….	to	compare	behaviour	of	low	
energy	positrons	in	binary	amd	
mul,body	collisions.	
		

Energy	–	resolved	positron		annihila'on		spectroscopy	in	condensed	
ma)er	–	low	energy	positron	direct	

	implan'on	into	a	ma)er.	

However	the	limit	of	prac'cal	applicability	of	such	
experiments	will	be	very	low	implanta'on	depth	

(Makhov	profile).	

positrons	from		
radioac've	source	

Makhov	profile	

O.	E.	Mogensen,	„Positron	
Annihila,on	in	Chemistry”,	Springer-
Verlag,	Berlin	1995.	



Single-particle positron potentials  
In a light of this results 
is is possible at all to 
use binary inteaction 
in order to describe 
low-energy positron 
behaviour in dense 
media. 
 
From theoretical point 
of view,…. 
As a conclusion to this 
talk, please let me 
quot a sentemce from 
a abstract of another 
paper by the same 
finnsih group where 
they study positrona 
and positronium the 
annihilation with light 
atoms:… 
They wrote… 
 
 
 



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. 

 
Two last slides. 
 
As I said: The many 
body calculation of 
annihilation process in 
condensed phase are 
rare. 
 
Recently, this 
ambitious task has 
been undertaken  by 
the theoretical group 
from Finland – 
Zubiaga and co-
workers… 
 
They study the Ps 
pick-off annihilation in 
solid helium. What is 
interesting they 
showed that both, the 
original TE model  and 
the extended version 
introduced by prof. 
Goworek can be used 
to estimate the size of 
the free volumes in 
studied system if the 
lower values of 
electron layer 
thickness is used 
instead of commonly 
used 1.66 A.  
 



Thank you for your attention 


