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Two ground states:

Parapositronium (p-Ps) 
singlet spin state 1S0

Orthopositronium (o-Ps) triplet spin
state 3S1 
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Two ground states:

Orthopositronium (o-Ps) triplet spin
state 3S1 
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Two ground states:

Parapositronium (p-Ps) 
singlet spin state 1S0

1≈ 125 ps

|k1|=|k2|=511 keV

1≈ 142 ns

Orthopositronium (o-Ps) triplet spin
state 3S1 

0≤|ki|≤511 keV
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Muonium (Mu) 

Paolo Crivelli

Mu (positive muon-electron bound state) 

Predicted in 1957 (Friedmann, Telegdi, Hughes)

Unstable with lifetime of 2.2 s. 

Main decay channel:  -> e+ +  

  + 

e
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Mu (positive muon-electron bound state) 

Predicted in 1957 (Friedmann, Telegdi, Hughes)

Unstable with lifetime of 2.2 s. 

Main decay channel:  -> e+ +  

  + 

e
  

Discovered in 1960 (Hughes) by detecting muonium spin (Larmor) precession in an
external magnetic field perpendicular to the spin direction ( =  x B).

 ω = γB, γ is gyromagnetic ratio, γ
μ
 = 13.6 kHz/G and γMu = 1.4 MHz/G

Possible to distinguish between a free muon
and one that bound to form Mu  



ETH slow positron beam (2012) 

Positron 22Na source (70MBq)
and Ne moderator 

Produced in beta decay: p -> n + e+ + ν

Three body decay -> Positron energy is a continuum  (for 22Na  from 0 to 543 keV) 

Efficient production of positronium in vacuum requires slow positrons

Paolo Crivelli



Positron moderation

70 MBq 22Na 
e+ source

150000 e+/s 
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Titanium
window 5
m

Neon film ~ 500 nm grown @ 7K
below band gap ( ~ 20 eV)  energy loss very

inefficient (only phonon scattering)
-> large fraction of positrons reach the surface and

are emitted as epithermal e+

Tungsten
alloy shield

Typical spectrum from 
beta emitter



Positron transportation

Magnetic coils for positron
transportation (quasi-uniform
longitudinal field of  70 Gauss)

Separation of  
Slow and fast e+  

Positronium
formation region
acceleration up to
20 kV
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Positronium formation

Porous Silica thin film ~1000nm 3-4 nm pore size

e+ ● Positron implanted with keV energies
● Rapidly thermalizes in the bulk (~ps)
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Vacuum



Positronium formation

Porous Silica thin film ~1000nm 3-4 nm pore size

● Positron implanted with keV energies
● Rapidly thermalizes in the bulk (~ps)
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● Positron diffusion and annihilation

Vacuum

e+



Positronium formation

Positronium formation (1/4 pPs, 3/4 oPs)
in SiO

2
 by capturing 1 ionized electron

Diffusion to the pore surface and emission
in the pores:
W

Ps
=

Ps
 + E

B
 - 6.8 eV=-1 eV

Thermalization via collisions and
diffusion in interconnected pore network   
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Porous Silica thin film ~1000nm 3-4 nm pore size

e+ Positron implanted with keV energies
Rapidly thermalizes in the bulk (~ps)

Positron diffusion and annihilation
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Positronium formation

Positronium formation (1/4 pPs, 3/4 oPs)
in SiO

2
 by capturing 1 ionized electron

Diffusion to the pore surface and emission
in the pores:
W

Ps
=

Ps
 + E

B
 - 6.8 eV=-1 eV

Thermalization via collisions and
diffusion in interconnected pore network   

30% of the incident positrons are converted in positronium
emitted into vacuum with 40 meV (almost 105 m/s).

e+

e+

oPs

Ps

Vacuum

Ps

Porous Silica thin film ~1000nm 3-4 nm pore size

e+ Positron implanted with keV energies
Rapidly thermalizes in the bulk (~ps)

Positron diffusion and annihilation

P. Crivelli et al., Phys. Rev. A. 81, 052703 (2010)
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Measurement of  Ps energy 
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P. Crivelli et al. , Phys. Rev. A81, 052703 (2010)

D. Cassidy, P. Crivelli et al., Phys. Rev. A 81, 012715 (2010)
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Ps as a particle in a box 
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For Ps with 100 meV,  
Ps

 is comparable with
the pore size. 

QM effects!

P. Crivelli et al. , Phys. Rev. A81, 052703 (2010)



  

Positronium 1S-2S transition 
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2 photons transition:
=486 nm

Natural linewidth: 
1.2 MHz

Ps Energy levels

142 ns
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Positronium 1S-2S transition 

νa=1233607216 .4 (3.2 )

νb=1233607218 .9(10 .7 )

Experiments: MHz

MHz

MHz

S. Chu, A. P. Mills, Jr. and J. Hall, Phys. Rev. Lett. 52, 1689 (1984)
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2 photons transition:
=486 nm

Natural linewidth: 
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Ps Energy levels

142 ns

νtheory=1233607222.2(6 )
K. Pachucki and S. G. Karshenboim,
Phys. Rev. A60, 2792 (1999),
K. Melnikov and A. Yelkhovsky, 
Phys. Lett. B458, 143 (1999)¨.
Adkins, Kim, Parsons and Fell, 
arXiv:1507.07841 (2015)

Theory: 

Paolo Crivelli  

M. S. Fee et al., Phys. Rev. Lett. 70, 1397 (1993)



Positronium 1S-2S transition 

νa=1233607216 .4 (3.2 )

νb=1233607218 .9(10 .7 )

Experiments: MHz

MHz

Measurement of 1S-2S of Ps at a level about 5x10-10 =>
 check QED calculations at the order 7m 

MHz

S. Chu, A. P. Mills, Jr. and J. Hall, Phys. Rev. Lett. 52, 1689 (1984)
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M. S. Fee et al., Phys. Rev. Lett. 70, 1397 (1993)



Experiment ongoing @ ETH 
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Project was supported by the SNSF
Ambizione fellowship and by ETH Zurich
(Research Grant ETH-47 12-1) until 4/2014

Just recently new funding from SNSF  

 new lab (01/2012) @ ETHZ

Positron source
and Ne moderator 

Coils 

P. Crivelli (ETHZ), P. Comini (ETHZ) , D. Cooke (ETHZ), A. Antognini (ETHZ/PSI), K. Kirch (ETHZ/PSI), G. Wichmann
(ETHZ),  J. Alnis (MPQ),  T. W. Haensch (MPQ), B. Brown (Marquette University)

2P

3D 

MPQ Te
2
 cell

Laser 486 nm

Enhancement cavity

Excitation regions
coils (up to 300 G)

Gamma detectors



  

The laser system

972 nm diode
laser

Light at 486/488 nm
750mW, 200kHz

486/488 nm TOPTICA
LASER

SHG cavity with
LBO crystal

Incoming 
laser beam

Space for a  2nd SHG cavity for
light generation  @ 244 nm for
Mu spectroscopy

Tapered
Amplifier
2.4 W

Paolo Crivelli  

Requirements:
- High power (~kW) at 486 nm -> detectable signal
- Long term stability (continuous data taking ~days)
- Scanning of the laser ± 100 MHz



  

The laser system

972 nm diode
laser

Light at 486/488 nm
750mW, 200kHz

486/488 nm TOPTICA
LASER

SHG cavity with
LBO crystal

Mirror 2Mirror 1 mounted in double piezo-actuator

Ps target Vacuum 10-9 mBar

Incoming 
laser beam

e+ beam

oPs

High finesse resonator  for power build up
500 mW           1 kW  

Space for a  2nd SHG cavity for
light generation  @ 244 nm for
Mu spectroscopy

Tapered
Amplifier
2.4 W

Requirements:
- High power (~kW) at 486 nm -> detectable signal
- Long term stability (continuous data taking ~days)
- Scanning of the laser ± 100 MHz

Paolo Crivelli  



EOM

FP 486 nm

Cavity Input

Laser 486 nm

The enhancement cavity @ 486 nm

Generation of 500 W, no degradation 
over hours of continuous operation.

Paolo Crivelli

At 0.4 MW/cm2 (0.7 kW circulating power) 
mirror degradation observed.

Run @ 0.4kW:
-> Excitation prob ~ 1x10-4

-> Resonant 3 PI ~ 1x10-5

500 W circulating power



  

142 ns (1S) 

1136 ns (2S) 

 Detection of annihilation photons. Lifetime of excited S states ~ n3  
2S 

/
1S 

=8 

Target

Gamma detectors Laser beam

Gamma detectorsAnnihilation






STOP

STOP

Detection of  Ps 1S-2S 

G4 simulation
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To enhance Ps interaction time with laser we developed a new target in a “tube” 
geometry-> During its lifetime Ps passes about 10 times in the laser beam   

Aperture 3x3 mm2

Length 60 mm

e+ 5 keV

Porous silica
Laser (500W) 

SiN 30 nm window 3x3 mm2oPs



Preliminary results (2014)

First successful scans 
(about 3 hours data taking,
~ 106 positronium atoms/point)

D.Cooke et al, Hyperfine Interact. 233 (2015) 1-3, 67
[arXiv:1503.05755 [physics.atom-ph]]



Preliminary results (2014)

S/N ratio should be improved.

First successful scans 
(about 3 hours data taking,
~ 106 positronium atoms/point)

D.Cooke et al, Hyperfine Interact. 233 (2015) 1-3, 67
[arXiv:1503.05755 [physics.atom-ph]]



Need for a bunched beam → use buffer gas trap 
 
→ noise from accidentals reduced by 2 orders of magnitude

→ In addition to lifetime method possibility to use pulsed lasers to 
photo-ionize Ps (systematic studies and increase in the signal rate)

Preliminary results (2014)

S/N ratio should be improved.

First successful scans 
(about 3 hours data taking,
~ 106 positronium atoms/point)

D.Cooke et al, Hyperfine Interact. 233 (2015) 1-3, 67
[arXiv:1503.05755 [physics.atom-ph]]



New beam line based on positron buffer gas trap (2015) 
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Solenoid 1kG

Positron Source 
Gamma
Detectors



Positron Trap principle
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e+

10-3 mBar 10-6 mBar

B-field up to 1 kG 
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Positron Trap principle

Paolo Crivelli

e+
N

2

10-3 mBar 10-6 mBar

Positrons
bunches (50 ns)
At 10 Hz rep rate

B-field up to 1 kG 



Bunching and extraction to a field free e-m region 
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Positron (7 eV) bunches from the trap
50 ns and 1 mm () in 120 G

e+ 



Bunching and extraction to a field free e-m region 
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On target (kept at ground): positron bunches of 1 ns 
with a beam spot of 1 mm extracted to the field free 
e-m region with 90 % 
efficiency. 

D. A. Cooke G., Barandun,, S Vergani,, B Brown, A
Rubbia and P Crivelli, J. Phys. B: At. Mol. Opt. Phys.
49 014001 (2016), arXiv:1508.06213 [physics.ins-
det].



Advantages using trapped positrons

Paolo Crivelli

→ Expected increase in the S/N ratio by two orders of magnitude.

→ External photo-ionization with Nd:YAG laser →  increase in statistics.

→ Extraction to a field free e-m region → removal of systematic due to DC Stark and 
Zeeman (affecting m=0 triplet states) and motional Stark shift.

→ Excitation 2S atoms to Rydberg states→ time-off-flight measurement of 2S
atoms using position sensitive MCP detector to correct for 2nd order Doppler shift.

e+

Ps*
PSD

100 mm

SiO
2

target

Ps(2S) Mu-metal shield 



Status and outlook of  1S -2S experiment

Paolo Crivelli

Measurement of 1S-2S of Ps at a level about 5x10-10 seems feasible
=> check QED calculations

With available source of Ps: 30% @ 40 meV 

New beam line is working to be combined with the enhancement cavity soon. 



Status and outlook of  1S -2S experiment

Paolo Crivelli

Measurement of 1S-2S of Ps at a level about 5x10-10 seems feasible
=> check QED calculations

With available source of Ps: 30% @ 40 meV 

New beam line is working to be combined with the enhancement cavity soon. 

To go beyond a 0.5 ppb precision in the 1S-2S transition, slow (<10000 m/s) Ps is a
mandatory ingredient. 

→ Main contribution to the line broadening due to the time-of-flight effect  will be
comparable with the Ps natural linewidth of 1.2 MHz. 

→ Main systematic from 2nd order Doppler will be reduced by two orders of
magnitude.

A measurement at a level of few ppt could be in reach → independent
determination of the Rydberg constant



Colder positronium?
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Three different strategies:

1) New Ps targets (P. Crivelli et al.PRB 89, 241103(R) (2014), M. Milina et al.  Nature Comm. 4922 (2014))

2) Laser cooling (see e.g. P. Crivelli et al.,Int. J. Mod. Phys: Conf. Ser. 30, 1460256 (2014))

3) Stark deceleration of Rydberg positronium



Stark deceleration
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Large dipole moment of Rydberg atoms -> deceleration with inhomogenous
electric fields.

Hydrogen stark deceleration and trapping demonstrated in this way by Merkt's 
group (ETHZ).

see , e.g.S. Hogan, F. Merkt, PRL 100, 043001 (2008)

For H (n=25) a= 2 x 108 m/s2

From 700 m/s -> at rest  for a 3 mm gap
with an efficiency of 80%
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Large dipole moment of Rydberg atoms -> deceleration with inhomogenous
electric fields.

Hydrogen stark deceleration and trapping demonstrated in this way by Merkt's 
group (ETHZ).

For H (n=25) a= 2 x 108 m/s2

From 700 m/s -> at rest  for a 3 mm gap
with an efficiency of 80%

Ps 5x104 m/s  but 1000 times lighter than H
→ 1000 faster deceleration. 
For Ps (n=20-30, k=15-19,  a= 4x 1011 m/s2)
From 105 m/s -> v<5000 m/s an efficiency of
few %.

Stark deceleration of  Rydberg Ps 

see , e.g.S. Hogan, F. Merkt, PRL 100, 043001 (2008)

Project funded by SNSF under the Requip grant and by ETH with
a postdoctoral fellowship awarded to  Dr. P. Comini

Simulation of  Ps deceleration
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Laser system and excitation region

Positronium excitation in Rydberg states (n=20-30) via direct two photon
excitation requires light of 365 nm.  

Seed laser 
Toptica DL pro

30 mW@730 nm
200 kHz

SeededNd:YAG
100 mJ (max >400mJ) 

@532 nm
8-10 ns 

PDA
> 10 mJ@730 nm 

 100 MHZ

BBO
SHG > 1.5 mJ @ 365 nm 

with 40 mJ pump power 

Mirror 

Buffer gas trap operation at 10 Hz allow for synchronization with pulsed lasers.
Pulsed Dye Amplifier (PDA) recently installed (possibility to generate 486 nm
for 2S HFS splitting measurement)

Excitation chamber

Target for Ps formation

MCP to detect FI e+

Electrodes for 
field ionization (FI)

The measurements are running, hopefully some Ps* soon...
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Muonium (Mu)Muonium (Mu)



Muon beam generation

Paolo Crivelli
http://people.web.psi.ch/morenzoni/



Polarized positive muons  

Paolo Crivelli

Kinematics of pion decay at rest;
from energy and momentum
conservation:
Momentum:      p= 29.79 MeV/c
Kinetic energy: E= 4.12 MeV



Polarized positive muons  

Paolo Crivelli

Parity violation in weak interaction 
=> neutrinos are left handed 
=> polarized muon beam with spin
 anti-parallel to their momentum

Kinematics of pion decay at rest;
from energy and momentum
conservation:
Momentum:      p= 29.79 MeV/c
Kinetic energy: E= 4.12 MeV



Low energy muon (LEM) beam @PSI 

Paolo Crivelli

~ 4000 +/s

~ 11000 +/s

~1.9 •108 +/s

E~15eV

Ar 500nm 



Muonium formation in porous silica 

Paolo Crivelli

Same targets developed for Ps 
(in analogy to Ps/Mu in powders)
-> No limitation expected as for Ps of 
the ground state energy (Mu much heavier).

muSR + Positron Shielding Technique 

A. Antognini (ETHZ), P. Crivelli (ETHZ), K. S. Khaw (ETHZ), K. Kirch,(ETHZ/PSI), B Barbiellini (NU Boston),  L. Liszkay
(CEA),T. Prokscha (PSI), E. Morenzoni (PSI), Z. Salman (PSI), A. Suter (PSI)
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Same targets developed for Ps 
(in analogy to Ps/Mu in powders)
-> No limitation expected as for Ps of 
the ground state energy (Mu much heavier).

muSR + Positron Shielding Technique 

A. Antognini (ETHZ), P. Crivelli (ETHZ), K. S. Khaw (ETHZ), K. Kirch,(ETHZ/PSI), B Barbiellini (NU Boston),  L. Liszkay
(CEA),T. Prokscha (PSI), E. Morenzoni (PSI), Z. Salman (PSI), A. Suter (PSI)



Muonium spatial confinement 
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DATA-SIM 1mm

In preparation (2016) 

G4 SIMULATION

DATA-SIM 5mm



1S-2S Mu spectroscopy 

Paolo Crivelli

Our recent results on Mu formation at 100K opens the way for the first
CW spectroscopy of the 1S-2S transition in Mu!
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1S-2S experimental setup (1999)

Pulsed surface mu+ beam stopped in SiO2 powder
 (3500 mu+/pulse, 50 Hz)
 

Background of
2.5 counts/day

Photo-ionized muons
Few eVs -> keV with pulsed  E-field

Mu emitted into vacuum interact with the laser
Is excited and a fraction of it is photo-ionized 
In the same laser field 

PULSED

1

n

3

2

4

23S
1
  2.2 s 2P 1.6 ns

3P 3D 3S 

3S
1
 

2 photons transition
=244 nm
Natural linewidth 145 kHz

Mu Energy levels
2.2 s
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1S-2S results (1999)

~20 Mhz
(FWHM)



CW measurement- Expected signal rate and uncertainty

Paolo Crivelli

Simulated lineshape

T=100K 
P

c
=4W

w
0
=100 m


beam

=2.5 mm

Assuming one could use the existing LEM beam @PSI which delivers
5000 /s on target and our source of Mu @ 100 K 
→ on resonance about 30 events/day expected and 2.5 background/events per day.

   

~2 Mhz
(FWHM)

More than a factor of 10 improvement is possible with
existing muon beam line at PSI →  best determination of  
mass.  

Expected resonance curve



Outlook -Mu spectroscopy

Paolo Crivelli

- End of June, test of the muon tagging via secondary electrons from the SiN
window (factor of 2 smaller muon beam → larger overlap of Mu with laser
beam). 

- Design of the extraction and detection of photo-ionized muons is in
progress.

-The same laser system developed for the Ps experiment will be used for Mu
by adding a second SHG generation stage and UV enhancement cavity.

- New low energy beam line under development at PSI (A. Antognini,
ETHZ/PSI) and at JPARC
          → 2 orders of magnitude more low energy muons expected
          → results will be statistically limited → further improvement possible
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Thank you to the organizers for the very kind invitation
and your attention 



Institute for Particle Physics

Positronium Hyperfine Structure of the first Excited State:

Measurement of the 23�1 → 21�0 transition in vacuum

PHySES
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 Ps is purely leptonic system

 Free from

 QCD effects

 weak force effects

 Precision test bench for

 bound state QED

 Very precise measurements

in 1970s and 1980s

 Almost 4 sigma discrepancy

with most recent QED result

Motivation: 

Positronium HFS
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 In a static magnetic field:

 parallel spin states are unaffected

 antiparallel spin states pick up ∆E

 The | 1,0 >state mixes with

the | 0,0 >state

 magnetic quenching

 We can induce transitions between

different ��‘s instead of different � ‘s

 Compare:     ∆�𝑖�≈ 4 𝐺𝐻� (at 1 �)

vs.   ∆𝐻𝐹�≈ 203 𝐺𝐻�

Zeeman splitting in Ps

3γ

3γ

2γ

2γ
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 one calculates ∆𝐻𝐹�
from:

 Δmix = ΔHFS 1 + �2 Δ𝐻𝐹� − 1

 needs very high B-Fields

 to quench the untransferred population quickly

 to see a large effect when the microwave is on

 Disadvantages

 some theoretical uncertainties

 inhomogeneities in the fields contribute

directly to systematic errors

Difficulties:

Indirect measurements

3γ

3γ

2γ

2γ
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 Notoriously difficult Δ𝜈 = 203 𝐺𝐻�
 no off-the-shelf sources

 no off-the-shelf resonators

 behavior somewhat between microwave and light

 Multiple resonators required

 need to be changed for every frequency point

 Needs very high MW power

 very rudimentary power estimation

 measured the heat absorbed 
by a pot of water

Review:

First direct measurement

Miyazaki (2013)
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 In dense gases

 gas acts as target

 �+ can ionize a gas atom

 �+ picks up the � − and forms Ps

 Advantage: no need for a beam

 Disadvantages:

 E field of gas atoms → Stark effect

 Needs extrapolation to vacuum

 Uncertainties in the Ps thermalization

 High MW powers strongly interfere
with Ps production in gases

Difficulties:

Dense gas measurements



Institute for Particle Physics

 Transition in vacuum

 no extrapolation necessary

 need a beam

 need different converter

 Direct transition

 no theoretical uncertainty

 needs no static B field

 need 486nm laser

 Commercially available

 Signal Generators: 200mW

 TWT Amplifiers: 100’s of W

Idea:

Use vacuum HFS transition in 2s state



Institute for Particle Physics

 Pulsed laser setup

 Multifunctional

 HFS spectroscopy

 1s-2s spectroscopy

 Stark deceleration

of Rydberg states

 After optimization for HFS

 ~ 16% transition rate (low power)

 limited by

 photoionization

 oscillation back to ground state

PHySES:

Laser excitation 1s-2s



Institute for Particle Physics

 Pulsed laser setup

 Multifunctional

 HFS spectroscopy

 1s-2s spectroscopy

 Stark deceleration

of Rydberg states

 After optimization for HFS

 ~ 16% transition rate (low power)

 limited by

 photoionization

 oscillation back to ground state

PHySES:

Laser excitation 1s-2s
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PHySES:

Microwave HFS transition

 Confocal resonator

 two spherical mirrors

 fed by waveguide and central 

coupling hole in one mirror

 𝑄 ≈ 50000

 𝑄 =
𝜈0

∆𝜈

 very sharp resonance (tuned by piezo actuator)

 𝑄 = 2�
�𝑛�𝑟𝑔𝑦 𝑠𝑡𝑜𝑟��

�𝑛�𝑟𝑔𝑦 𝑙𝑜𝑠𝑡 𝑏𝑦 𝑐𝑦𝑐𝑙�

 very strong B fields

 ≈ 5% − 30% transition probability



Institute for Particle Physics

 Experimental signature

 2 matching back-to-back 511 keV photons

 temporal coincidence in opposite detector modules

 intersection of connecting line with target region

 energy cut

 Dominant background

 misidentification of 3 photon decays as 2 photon decays

 very small angle between 2 of the 3 photons

 one photon very soft

 ground state positronium

 removed by time of flight (separation of converter and cavity)

PHySES:

Event signature
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 AxPET demonstrator (repurposed)

 very good temporal and spatial resolution

 6 layers per module

 8 LYSO crystals 

 26 wavelength shifters

 204 MPPC & bias voltage supply channels

 3 temperature probes

 414 signal channels in total

 currently read out by two different technologies

 waveform digitizer and software analysis

 PET ASIC with ToT measurement

PHySES:

Detector – AxPET



Institute for Particle Physics

Simulation with GEANT4 & Mathematica

 average rate of 4 x 10 5e+/s

 30% Ps conversion efficiency

 Results

 after optimization for S/N

 ~2% detection efficiency of pPs decays

 1 misidentified oPs event for ~74 signal events

 low power option (100mW, no amp)

 accuracy of a few ppm (stat)

 high power option (10W, TWTA)

 accuracy of a few hundreds of ppb (stat)

PHySES:

Simulation results



1D Laser cooling 1S->2P (243 nm) 
- Recoil limit:  0.2 K (v = 1500 m/s)
- Doppler limit 7.5 mK

- I
saturation

=0.5 W/cm2 
- In saturation lifetime of Ps -> 280 ns 

From RT to recoil limit -> 50 cycles (~Ps lifetime)

 

Big challenge, frequency sweeping  through Ps Doppler
profile ~500 GHz in 500 ns

Paolo Crivelli

Laser cooling -1



1D Laser cooling 1S->2P (243 nm) 
- Recoil limit:  0.2 K (v = 1500 m/s)
- Doppler limit 7.5 mK

- I
saturation

=0.5 W/cm2 
- In saturation lifetime of Ps -> 280 ns 

From RT to recoil limit -> 50 cycles (~Ps lifetime)

 

Big challenge, frequency sweeping  through Ps Doppler
profile ~500 GHz in 500 ns

Possible solution:
use a mode locked picosecond laser at 80 MHz as done for Na atoms and Cd+  ions.

-> bandwidth of 2.4 Thz covers the whole Ps Doppler profile

Paolo Crivelli

Laser cooling -1

For Cd+ ions B. Blinov, J. Opt. Soc. Am. B/Vol. 23, No. 6/June 2006, 1170 
For  Na atoms P. Strohmeier, Z. Phys. D - Atoms, Molecules and Clusters 21,215-219
(1991)



Laser cooling -2

Paolo Crivelli

- Lifetime of 5p2P
1/2

 Cd+ transition 3.15 ns -> the same as Ps(2P)

- Period of laser pulses 12.5 ns thus when next pulse arrives excited state population of 2% 
-> cooling process is due to absorption of single photons and not to an optical frequency 
comb effect.

- For optimal cooling: pulsed laser repetition rates ~ atoms excited state linewidth, 
while the energy in each laser pulse P

exc
 = 1 (for Ps 200 mW for a 2 mm beam)
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Paolo Crivelli

Tsunami ps laser
(80 MHz)
2W @ 972 nm

LBO cavity
-> 1 W @ 486
nm

BBO cavity
-> 200 mW @
243 nm

Laser system similar to the 1S->3S hydrogen experiment ongoing at MPQ

- Lifetime of 5p2P
1/2

 Cd+ transition 3.15 ns -> the same as Ps(2P)
- Period of laser pulses 12.5 ns thus when next pulse arrives excited state population of 2% 
-> cooling process is due to absorption of single photons and not to an optical frequency 
comb effect.

- For optimal cooling: pulsed laser repetition rates ~ atoms excited state linewidth, 
while the energy in each laser pulse P

exc
 = 1 (for Ps 200 mW for a 2 mm beam)



 

Laser cooling -2

Paolo Crivelli

Tsunami ps laser
(80 MHz)
2W @ 972 nm

LBO cavity
-> 1 W @ 486
nm

BBO cavity
-> 200 mW @
243 nm

- Lifetime of 5p2P
1/2

 Cd+ transition 3.15 ns -> the same as Ps(2P)
- Period of laser pulses 12.5 ns thus when next pulse arrives excited state population of 2% 
-> cooling process is due to absorption of single photons and not to an optical frequency 
comb effect.

- For optimal cooling: pulsed laser repetition rates ~ atoms excited state linewidth, 
while the energy in each laser pulse P

exc
 = 1 (for Ps 200 mW for a 2 mm beam)

Issue: expansion of the Ps cloud.
Numerical simulation of 3D cooling -> in 600 ns 80% of the surviving Ps is below 10 K:
150 K initial T -> 5 mm expansion 
300 K initial T -> 25 mm expansion 
->  large beam diameter is required at the expenses of intensity and therefore 
     of cooling efficiency. 
  -> Use tube geometry? Ps confined in the tube (cooled to 10 K), 1D cooling, 
collisions will mix Ps velocity.  

(P. Crivelli et al.,Int. J. Mod. Phys: Conf. Ser. 30, 1460256 (2014))

Laser system similar to the 1S->3S hydrogen experiment ongoing at MPQ
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