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Positronium

Hydrogen-like bound state of an electron and a positron

Orto-Ps  mean lifetime  142 ns  annihilation in 3 

Para-Ps   mean lifetime  120 ps annihilation in 2 

IN VACUUM

In magnetic field the M=0  state of pPs and oPs
mix togheter (Zeeman effect)

State M=+1; -1 are not affected



Interaction of positrons with matter and Ps formation
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1. Slowing down (0<t<10-12 s)

From energy E to thermal energy: 

ionization, phonon scattering

2.  Diffusion motion

(0<t<10-10 s)

e+ ~ 
1-3 eV

e+ < z >

3.  Emission if negative work function



Ps formation  in metals and semiconductors

Ps is formed at the surfaces because in the bulk positron is screened by electrons
can be a competitive process with e+ emission

Ps

Ps

Ps

e+

e+

e+

Ps from  backscattered e+

Ps from  epithermal e+

Ps from  thermal e+

Ps emissionn in metals and semiconductors is a thermal activate process
a) e+ trapped in a surface state pick an electron

«Fast» Ps 
Energy  eV or fraction of eV



Positronium formation in porous materials
collisional cooling mechanism

Formation Mechanisms:Vacuum Solid

e+

Ps

Ps

e+

If Ps is formed in the bulk and thermalize,
to be emitted in open volumes requieres
a negative work function

Ps can be formed at the surface when a 
positron pick up an electron



Ps from nanochannelled silicon converters
avoiding quantum confinement

Classical regime

Tsample

Classical regime 

𝜆𝑃𝑠=
ℎ

4𝑚0 𝐸𝑃𝑠
≪ 𝑎

Quantum regime

𝜆𝑃𝑠 ~ 𝑎

Brusa-Dupasquier -Varenna School 2009 
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tunable nanochannels in silicon 

Cross view

Upper view Cross view

Cross view



Mariazzi S, Brusa R S et al., Phys. Rev. Lett. 104 243401 (2010)
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Nanochannelled silicon simulation 
and Montecarlo Ps cooling 
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Detecting Ps flying in vacuum
SSPALS  (Single Shot Positron Annihilation Lifetime Spectroscopy) Techniques, 
firstly introduced by Cassidy & Mills
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Long lived Ps
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Aghion et al. Phys. Rev. A 94, 012507 (2016)



Ps excitation n3 - Rydberg
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Motivation

CERN-image

Disappearance
of antimatter

Violation of CPT or WEP ?

Tests of universality free fall (UFF) 

Luigi Catani 1816- Firenze Palazzo Pitti

“cascai in opinione che se si levasse
totalmente la resistenza del mezzo,
tutte le materie discenderebbero 
con eguali velocità”.    
Galileo Galilei (1564-1642)



AEgIS (Antihydrogen experiment: gravity, interferomentry, spectroscopy) 

at CERN 

ഥ𝑯 production by charge exchange  

 eHPsp
**)(

• Large cross section 𝝈 ≈ 𝝅𝒂𝟎𝒏
𝟒 for Ps cold 

• Ps needed in Rydberg state for increasing the 

lifetime and cross section 

• Quantum states of antihydrogen related 

to Ps quantum number

• Antiprotons T determines antihydrogen T 

(cold antiprotons!)



Antiproton beam from AD

positrons

e+ bunched beam

Ps cooling & converter

AEgIS apparatus 

1T trap5T trap
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ഥ𝑯 free fall measurement

pulsed ഥ𝑯 beam , Stark 
acceleration 𝑣 ≈ 400 𝑚/𝑠

L L

Moirè deflectometer

2 gratings L~ 50 cm
=100 mm, slit 12 μm, pitch 40 μm
Δy≤ 10 μm

Δy

L

Δy

H

∆𝒚 =
𝟏

𝟐
𝒈𝑻𝟐

𝑳

𝒗

𝟐

M.K. Oberthaler et al. PRA 54, 3165 (1996)

Aghion et al. (AEgIS) Nature Comm. 5, 4538 (2014)



Test with  a Mini-moiré 

Aghion et al. (AEgIS) Nature Comm. 5, 4538 (2014)

slit arrays in 100-μm thick silicon by ion
etching 
slit width of 12 μm 
periodicity of d=40 μ m
Reference measuerement with light
(Talbot –Lau)

Antiproton E=100±150 keV

Δy=9.8±0.9 μm  (stat.)
±6.4 μ m (syst.)

Emulsion Compatible with a force 
530 ±50 (stat.) ± 350 (syst.) aN
Corresponding to an E=33 V/cm direction 
of the grating period 
or a B= 7.4G perpendicular to the grating 
period and antiproton direction

With lower 𝒗 (ഥ𝑯), L ~ 1m , sensitivity 11 
order mag better
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https://cds.cern.ch/images/CERN-HOMEWEB-PHO-2019-008-1
https://cds.cern.ch/images/CERN-HOMEWEB-PHO-2019-008-1
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Selection of different Ps population cooled from nanochannelled
silicon convertres, i.e. population with different velocities
From 1x10 5 m/s  to 7x10 4 m/s

Selecting velocities of  23S Ps by retarding the laser
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Ps  chamber
formation

Metastable Ps 
drift tube

LaBr3

drift tube
PbWO4

e+

Ps

Ps metastable beam-apparatus

stopper
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Jagiellonian Uni: 
Pawel Moskal
Sushil Sharma

Determining the hitting position of the 
metastable Ps on the stopper, and 
If possible its annihilation in flight
With a detector derived by J-PET 

PLAN



Towards measurement of g acting on Ps

Planned measurement with moire’ deflectometer or 
Mach Zehnder interferometer
Measurement of dipole forces 100g -1000g (10%)
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First stage of polarized 
e+ beam-source at 
Trento University

First Planned experiments
Study of entaglement of 3 photons of decaying Ps 

Collaboration and tasks:

Vienna Uni:   Beatrix C. Hiesmayr Theory

Jagiellonian Uni: Pawel Moskal
Detector System to measure momentum

and spin of gammas

Trento Uni:   Polarized Ps in vacuum and
selection of oP states by laser or by solid
state converters



Conclusions

Manipulation of Long lived Positronium is shown to 
be possible, opening the route for interesting
fundamental studies

Further improvements of quality of the metastable
beam and of its intensity are possible developing
techniques like Ps laser cooling and different schemes
to bring Ps in the 23S state
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Interaction of positrons with matter and moderation process

Steady state

DIFFUSION     Free annihilation and trapping

SLOWING DOWN to attain equilibrium
𝟎 < 𝒕 < 𝟏𝟎−𝟏𝟐 𝒔

Energy loss : core excitation, plasmons,
hole-electron, phonons



Positron moderation

Angular distribution

Energy Distribution



Solid gas moderator

Energy spectrum of positron emitted by a thick
Layer of Ne covering a Na22 source

A.P. Mills, E.M. Gullikson APL 49, 1121 (1986)



Ps excitation -laser system

OPG (Optical Parametric Generator) 𝝎 = 𝝎𝟏 + 𝝎𝟐 Signal and Idler

SUM in a BBO (Barium Borate)crystal
Wavelength tuned by changing the OPG temperature 

OPA (Optical Parametric Amplifier) after the OPG to match in SUM 

Cialdi et al. NIMB 269, 1527 (2011), Castelli et al. PRB 78, 052512 (2008)



Detector: Emulsions

Antiprotons 100 keV
Annihilation vertex and tracks.  
Positions are found with 1-2 μm 
resolution

Tacks main pions, vertex proton and 
Heavy nuclear fragments.

Storey et al. Hyp. Inter . 228, 151 (2014), S. Aghion et al. JINST 2013

Gel developed by the University of Nagoya




