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QUPLAS

QUPLAS

QUantum Interferometry, decoherence and gravitational studies with Positrons and LASers

QUPLAS main goals are to:

 perform positron interferometry (QUPLAS - 0)

 perform positronium (Ps) interferometry (QUPLAS – I)

 measure the gravitational acceleration of a Ps beam (QUPLAS - II)

VEPAS

Variable Energy Positron Annihilation Spectroscopy

Politecnico di Milano, Como
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INTRODUCTION

Particle interferometry

Ideal case of two slits in :

The particle probability density distribution: 

analog to the Fresnel integral of classical optics.

where:

Interferometry can be a tool for:

o conducting quantum mechanical studies;

o measuring  uniform forces acting on the particles 

in flight.
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e+

e-

Triplet state, ortho-Ps mean lifetime

Singlet state, para-Ps mean lifetime

𝜏𝑜−𝑃𝑠 = 142 𝑛𝑠

𝜏𝑝−𝑃𝑠 = 125 𝑝𝑠

Schrӧdinger equation: Reduced mass:

Energy levels:

POSITRONIUM (Ps): non relativistic purely leptonic bound state of a particle 

(the electron) and its antiparticle (the positron) 

INTRODUCTION

Positronium
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1. Interferometry with positrons 

2. Interferometry with positronium

 New type of CPT tests on fundamental

fermions by comparison the matter

wave interferometry properties of

positrons and electrons

… never done before!

 Quantum mechanical studies on Ps

 Measurement of the gravitational 

acceleration of positronium in the Earth 

gravitational field 

Luis de Broglie 1892-1987

MOTIVATIONS

Antimatter interferometry
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Still missing a Quantum Theory of  Gravity, in many Quantum Gravity models (in the 

classical static limit): 

Graviton Gravi-Vector Gravi-Scalar

The sign of the Gravi-Vector can be different for Matter and Antimatter

Matter-Matter experiments Matter-Antimatter experiments

Weak Equivalence Principle (WEP) violation ?

MOTIVATIONS

Gravity (I/II)
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MOTIVATIONS

Gravity (II/II)

Dynamical meaning: The gravitational “charge”:

According to the WEP:

According to the CPT:

would not mean that CPT is 

broken  !

Lunar Laser Ranging

Where do we stand?

WEP for matter-matter systems: 10-13 of accuracy

WEP for matter-antimatter systems: ?

New physics!
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QUPLAS 0

Positron interferometry

1. Positron/electron    

beam

2. Interferometer 3. DetectorVacuum chamber

Electron beam lithography – L-NESS
Nuclear emulsion – Bern University 
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QUPLAS 0

VEPAS slow positron beam (I/II)

HV power supply Turbo pump Beam optics

22Na 

positron 

source

Faraday cageSample chamberInterferometer tube

Detector

HPGe

High vacuum (HV)

condition

10-7-10-8 mbar
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BENDER

Beam energy: 0.1-20 keV

QUPLAS 0

VEPAS slow positron beam (II/II)

Beam source 22Na: current intensity ≈ 10 mCi

104 𝑒+/𝑠
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QUPLAS 0

Talbot Lau regime (I/II)

Incoherence

The Talbot-Lau regime in respect to the Fraunhofer (far field) regime:

 Minimization of the total length of the apparatus

 Robust to the incoherence of the source

InterferenceGeneration of 

coherence

Fringe pattern with the

same periodicity D of

the gratings

Talbot length

𝐿𝑇 𝐿𝑇

b
e
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m

d
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te
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r

𝐺1 𝐺2
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QUPLAS 0

Talbot Lau regime (II/II)

Ballistic/moirè regime

Talbot regime

𝐿

𝐿𝑇

C
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tr
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t

𝐿

𝐿𝑇

Monte Carlo simulations [1]

[1] S. Sala et al., J. of Phys. B  48 (2015) 195002
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QUPLAS 0

Numbers

Positron kinetic energy

Positron velocity

The de Broglie wavelength

b
e
a
m
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m

Periodicity of the grating

Talbot Length

Therefore:

and the periodicity pattern on the 

emulsion: 𝑑
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How to create a positronium beam?

Positron to Ps converter

…towards QUPLAS I
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• 85/150 mg/cm3

• 96/93 % porosity

• disorded porous material

• hydrophobic -> no ice

cm-3

v ≈ 4 - 7 x 105 m s-1 

(E ≈ 1-3 eV)

v≈ 104 m s-1 (E ≈ meV)

Eth ≈
3

2
KBT

Ps formed inside:

Ps emitted from the surface:

Good e+/Ps converters: mesoporous silica samples

Ex: Aerogel 85/150

T [K] <vth> [m s-1]

300 8 x 104

10 1 x 104

QUPLAS I

Positron to Ps converters
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Experimental evidences:

• High ortho-Ps yield ≈ 60%

• µm ortho-Ps diffusion length

• long ortho-Ps lifetime  

T (K) Lo-Ps
diff (µm) τo-Ps (ns) l (nm)

295 2.30 (0.25) 129 (3) 32 (2)

18 2.25 (0.25) 128 (3) 30 (2)
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Positron to Ps converters: Ps yield and lifetime
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G. Consolati et al., Chem. Soc. Rev. 42, 3821 (2013) 
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𝑓 𝐸𝑧

=
𝛼

𝑘𝐵𝑇𝑤
𝑒
−

𝐸𝑧
𝑘𝐵𝑇𝑤 +

𝛽

𝜋𝑘𝐵𝑇𝑇ℎ𝐸𝑧
𝑒
−

𝐸𝑧
𝑘𝐵𝑇𝑇ℎ

Fitting model:Aerogel 150 TOF spectrum

Results:

≈ 70 % of the o-Ps formed thermalizes inside the Aerogel!

Parameter Value

α 0.30 ± 0.05

Tw (K) 1000 ± 30

β 0.70 ± 0.05

TTh (K) 326 ± 10

QUPLAS I

Positron to Ps converters: Ps TOF
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e+

REFLECTION

Ps

e+

TRANSMISSION

Ps

• GEOMETRY

+ Solid angle

+ Secondary electrons

+ Backscattered positrons

• Ps CLUOD FEATURES

+ Monocromatic Ps beam

+ Higher termalized Ps fraction

...but micrometric thickness required: difficult to produce and to handle!

QUPLAS I

Positron to Ps converters: transmission

VS
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QUPLAS I

Transmission targets development (I/II)

Calcination (400oC)

Synthesis route to growth free-standing surfactant-template films of silica 

(Chemistry Department, University of Bath, Claverton Down, Bath) [1]

[1] K. J. Edler and B. Yang, Chem. Soc. Rev. 42, 3765 (2013)

..and

200 𝜇𝑚

1)

2)
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QUPLAS I

Ps interferometry

142 𝑛𝑠 < 𝜏 < hundreds of 𝜇𝑠

Detection through ionization required

Positron to Ps converter at 10 K  𝑣𝑃𝑠 ≈ 104 𝑚 𝑠−1New source + new

moderator

Mean Ps lifetime

Excitation laser n 1->2-> Rydberg

1.0E+04 33.6 100.0 29.8 59.5

𝜆 𝐵 [n ]𝑣 [𝑚 𝑠−1]   [𝜇𝑚] 𝐿𝑇 [ 𝑚] 𝑇  [𝜇𝑠]

104

23/34



AMDPP – October 2016

QUPLAS II

Positronium fall

 𝑔measurement 

Light pattern

Ps pattern
∆𝑥 =

1

2
 𝑔 𝑇  2

Gravity shift of 4 micron over the distance of a meter 

(for 103 m s-1 positronium)

Stark deceleration 

device under study 

to slow down Ps 

atoms from 104 to 

103 m s-1!

Laser
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QUPLAS II

Numbers

Count rate for a typical experiment

50mCi source with RGM moderator (0.4 % efficiency) -> 7 x 106 e+ s-1

e+ -> Ps conversion (10%) and reemission (30%) by converters -> 2 x 105 s-1

Ps solid angle of emission and interferometer geometry (0.1 %) -> 200 s-1

Ps excitation efficiency is high  but the spectral selection will introduce 10 % -> 20 s-1

Trasparency of gratings 25 % -> 5 s-1

Gravity measurement count rate

Sensivity to g for Ps (only Talbot, interferometric methods)

𝜎  𝑔

 𝑔
≅

1

2𝜋𝐶

1

𝑁

 

∆𝑥 𝑔

Given 0.5 dots s-1 on the emulsion, one has, for a very realistic 50 % contrast, 

(Only statistical error)

• 2 % in a WEEK

• 1 % in a MONTH

• <0.1 % in a YEAR

 = 476 𝜇𝑚 ∆𝑥 = 4𝜇𝑚
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CURRENT PROGRESS

Theoretical framework

S. Sala et al., J. of Phys. B  48 (2015) 195002 S. Sala et al., Phys Rev. A 94, 033625 (2016)
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First grating holder

Interferometry frame

Second grating

Emulsion holder

CURRENT PROGRESS

Building the interferometer

The interferometer coupled to the positron 

beam at the L-Ness Laboratory in Como

Inside: double layer

μ-metal shielding
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CURRENT PROGRESS

Gratings 

• Under developlment at L-NESS

M. Bollani (IFN researcher, CNR), 

M. Lodari (PhD student, Politecnico di Milano)

Electron Beam Lithography + Reactive Ion Etching
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Angle of divergence : α

αmax=4,200(12) mrad

1.3 mm 4 mm

CURRENT PROGRESS

Beam characterization
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CURRENT PROGRESS

Emulsion exposure (I/III)

AgBr crystals with diameter of  0.2 μm embedded

in a gelatine matrix

Chemical development process: 1  μm silver grain

visible by means of an optical microscope

Latent image produced by a ionizing radiation 

Nuclear emulsions :

Laboratory of High

Energy Physics of the University of Bern 

Scanning with the LHEP microcope drive by ad hoc software
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CURRENT PROGRESS

Emulsion exposure (II/III)

BEAM NO BEAM

• Beam spot at 15 keV

• 120 s integration

• 104 μm2 surface

S. Aghion et al., J. Of Instr. 11 (2016) P0617
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• Count rate as a function of the positron 

implantation energy 

• Count normalization takes into account  

1 μm thick protective layer 

• High and energy independent (within the 

range considered) emulsion efficiency

CURRENT PROGRESS

Emulsion exposure (III/III)

S. Aghion et al., J. Of Instr. 11 (2016) P0617

1 mm
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CONCLUDING REMARKS

• Quantum Interference to explore new Physics with e+/e-/Ps

• QUPLAS is a staged project to tackle these subjects

• QUPLAS – 0: Positron and Electron quantum interference (CPT test)

 Scheduled for January 2017

• QUPLAS – I: Positronium Quantum Interferometry

 R&D in progress: transmission targets, stark decelerator device, etc.

• QUPLAS – II: Positronium Gravity as a test of the Weak Equivalence Principle

THANK YOU FOR THE KIND ATTENTION
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POSITRONIUM (Ps) ANNIHILATION:

𝑒+ + 𝑒− → 3𝛾

< 𝜏 >= 142 𝑛𝑠

a) triplet spin state: ortho-Ps

𝑒+ + 𝑒− → 2𝛾

b) singlet spin state: para-Ps γ ray energy:

 mean lifetime in vacuum 

 γ ray energy:

< 𝜏 >= 0.125 𝑛𝑠

 mean lifetime in vacuum 

𝐸𝛾−𝑟𝑎𝑦 = 𝑚0 
2 = 511 𝑘𝑒𝑉
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• Experimental setup:

 Slow positron beam 0.1-20 keV

 HpGe detectors

• Variable energy E: depth-profile

0 z (nm)

e+

keV

TiO2/P3HTSample
Sample
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 Doppler Broadening (S-parameter)

 ortho-Ps formation ( 3𝛾 = 𝑓
𝐴𝑝

𝐴𝑣
)

• PAS parameters:
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TOF experimental setup
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1. Scintillators and photomultipliers 
2. Sample;
3. Liquid nitrogen Dewar;
4. Detector electronics



AMDPP – October 2016

0.5 1.0 1.5 2.0 2.5 3.0 3.5

 

 

E
n

e
rg

y
 p

d
f

Energy (eV)

ortho-Ps

in a Silica 

mesopore

0 200 400 600 800 1000

 

 

L
T

 p
d

f

Time (ns)

n-cycles

0.

Ps

v

1. Sampling initial Energy: 2. Sampling Ps lifetime:

3. 3-D Random Walk

0 10 20 30 40 50

 

 

F
re

e
 p

a
th

 p
d
f

Free path (nm)



AMDPP – October 2016

Energy loss [1]

𝐸2 − 𝐸1 = −𝛼 𝐸1 − 𝐸𝑡ℎ

𝛼 =
2𝑚𝑃𝑠

𝑀𝑠
= 8 × 10−5

𝐶𝑙𝑎𝑠𝑠𝑖 𝑎𝑙 ∶ 𝐸𝑡ℎ=
3

2
𝑘𝐵𝑇

[1] Nagashima et al., Phys Rew A. 52, 258

𝐸𝑛𝑚 =
𝑘𝐵𝑇

2
+

ℏ2

2𝑚𝑃𝑠

𝑍𝑛𝑚
2

(𝑅+Δ)2
𝐸𝑡ℎ =

 𝑛𝑚𝐸𝑛𝑚𝑒
−  
𝐸𝑛𝑚

𝑘𝐵𝑇

 𝑛𝑚 𝑒
−  
𝐸𝑛𝑚

𝑘𝐵𝑇
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MONTE CARLO SIMULATION

Ps cooling (Aerogel) 
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• Pore cylindrical geometry 

• R=16 nm

• t=128 ns
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semiclassical

model -results

presented here-


