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Positronium (Ps) is a good probe for 

fundamental physics

Positron
Electron

−
+

Bound state of an electron (e−)

and a positron (e+)

The Lightest and Exotic Atom

✓ Exotic atom with antiparticle

➢ Good to explore the mystery of antimatter

✓ Purely leptonic system

➢ Experiments and theoretical calculations can be compared in 

high precision without uncertainties of hadronic interactions.
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Positronium (Ps) is a good probe for 

fundamental physics

Positron
Electron

−
+

Bound state of an electron (e−)

and a positron (e+)

The Lightest and Exotic Atom

✓ Exotic atom with antiparticle

➢ Good to explore the mystery of antimatter

✓ Purely leptonic system

➢ Experiments and theoretical calculations can be compared in 

high precision without uncertainties of hadronic interactions.

In this talk, we focus on ortho-positronium (o-Ps), the spin-triplet state 

with a lifetime of 142 ns.

o-Ps has much longer lifetime than the spin-singlet para-positronium 

(p-Ps), which has a lifetime of 125 ps.
2022/08/24 6



• Ps must be dense and cold

• High critical temperature  

because of Ps light mass (14 

K at 1018 cm−3)

• One of the best candidates for 

the first antimatter BEC

• BEC is “Atomic laser”. We 

would like to make the first 

antimatter laser and perform 

new experiments using the 

coherency of Ps-BEC.
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Ps: Our target

Physics Target (1): 

Positronium Bose-Einstein condensate (Ps-BEC) 
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Realization of Ps-BEC at:

Low temperature (10 K) and 

quite high density (1018 cm−3)

positron

e+

electron

e−
Ps

PsPs

Antimatter
Positronium (Ps)

(Classical limit)

Ps cooling

High 

density
Antimatter quantum 

condensate
Positronium Bose-

Einstein condensate 

(Ps-BEC)

150 K

1015 cm−3

10 K

1018 cm−3

Phase transition
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K. Shu et al., J. Phys. B 49, 104001 (2016), A. Ishida et al., JJAP Conf. Proc. 7, 011001 (2018).

Physics Target (1): Ps-BEC 



Self-annihilations of Ps-BEC can generate 

2 coherent and entangled gamma-rays: 

Realization of gamma-ray lasers

1S

o-Ps

p-Ps

vacuum

203 GHz

High-power 

millimeter waves

511 keV

nano-second-

pulsed 

gamma-rays

E(keV)

0

1022

e+ e−

Total spin

S = 1

e+ e− Total spin

S = 0

Entangled

Ps-BEC
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Physics Target (1): Ps-BEC



mPs ≈ 2me: The lightest atom → large velocity

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

Ps at around 600 K

1S—2S precision spectroscopy:

The high Ps temperature is the largest source of the uncertainty and bias.

1 233 607 216.4 ± 3.2 MHz (2.6 ppb)

Ps cooled down to 10 K can improve 

the precision by an order of magnitude

Physics Target (2): 

Precision spectroscopy
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Interferometry

T. J. Phillips, Hyperfine Interactions 109, 357 (1997).

Physics Target (3): 

Antimatter gravity

D. B. Cassidy and A. P. Mills, Jr., 

phys. stat. sol. (c) 4, 3419 (2007).

coherence will be increased 

by cooling Ps

Ps-BEC
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Interferometry

Spectroscopy

T. J. Phillips, Hyperfine Interactions 109, 357 (1997).

S. G. Karshenboim, Astron. Lett. 35, 663 (2009).

Different distance 

from the Sun:

Physics Target (3): 

Antimatter gravity

D. B. Cassidy and A. P. Mills, Jr., 

phys. stat. sol. (c) 4, 3419 (2007).

(0.32 ppb) 

cf. Ps 1S—2S :  2.6 ppb

coherence will be increased 

by cooling Ps

Ps-BEC
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Ps are formed in 

cryogenic silica 

(SiO2) aerogel

Thermalization cooling is too slow to get 10 K.

→ We need faster cooling: Ps laser cooling.
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Only by thermalization

With laser cooling

BEC transition at 10 K!

Tc at 

n0 = 4×1018 cm−3

Ps temperature evolution

(MC simulation)
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Combination of Thermalization and Laser cooling is 

suitable for fast Ps cooling to realize Ps-BEC.

2022/08/24 14

e+

e−

Ps

Ps
Ps

Ps

Ps

n ≈ 1018 cm−3

Silica (SiO2) cooled 

down by cryogenic 

refrigerator

Nano pores ø 50—100 nm

K. Shu et al., J. Phys. B 49, 104001 (2016), A. Ishida et al., JJAP Conf. Proc. 7, 011001 (2018).

243 nm 

UV laser

Ps laser 

cooling

(1S—2P)
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Requirements for Ps cooling laser

1. Long pulse duration and 

sufficient pulse energy
← Ps lifetime: 142 ns

300 K→10 K

6.4 ns

50 cycles

Ps

Ps

• 1S—2P (243 nm)

• 6.4 ns×50 ≈ 300 ns  → 

Cool down Ps with 300-ns 

single pulse

• Pulse energy ≥ 40 μJ

1S

2P

243 nm
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→ 243 nm sub-μs pulsed, broadband, and frequency-chirped laser

Requirements for Ps cooling laser

1. Long pulse duration and 

sufficient pulse energy
← Ps lifetime: 142 ns

2. Broadband and frequency-chirped
← Ps light mass: 2me

300 K→10 K

6.4 ns

50 cycles

Ps

Ps

• 1S—2P (243 nm)

• 6.4 ns×50 ≈ 300 ns  → 

Cool down Ps with 300-ns 

single pulse

• Pulse energy ≥ 40 μJ

1S

2P

Δf (GHz)

Hydrogen

15 GHz

Ps

460 GHz 

• Doppler broadening is 30 times 

larger than hydrogen. To follow 

the change in the Doppler profile 

by cooling (300 to 10 K in 300 ns) 

→ Broadband (≥ 10 GHz) and 

Frequency chirp ≥ +0.2 GHz ns−1

243 nm

FWHM at 300K

for 243 nm
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Chirped Pulse-Train Generator (CPTG)

2022/08/24
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Ps cooling laser

Ti:Sapphire

crystal
Electro-Optic 

Modulator 

(EOM)
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Achieved 300-ns pulse duration

Time Frequency

P
o

w
e

r

~ 300 ns duration

① ②

①

②

③

Frequency shift

(chirp)
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SPF-B1

(Ps cooling)

SPF-A3

(TRHEPD)

B1 fl.

Gnd. fl.

SPF-B2

(Ps-TOF)

Slow-positron

production unit

(0.1—35 kV)

e−

e+

SPF-A4

(LEPD)

Pulse stretcher

We are trying a proof-of-principle experiment to laser-cool Ps in 

vacuum at KEK-SPF (Slow Positron Facility), Tsukuba, Japan.

• Highest intensity (5×107 slow e+ s−1)

• Variable energy (0.1—35 keV)

Samples and detectors are electrically grounded.
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Ps Doppler cooling experiment with 3 lasers
—1 cooling (243 nm) and 2 probe (243 & 532 nm) lasers—

: 243 nm (cooling)

: 532 nm (probe) Ps 

emission

Ps formation target

(silica aerogel with 

open pores)

(a) Laser irradiation of Ps

Cooling by laser ,

Probe by lasers & Ps

: 243 nm (probe)
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Ps Doppler cooling experiment with 3 lasers
—1 cooling (243 nm) and 2 probe (243 & 532 nm) lasers—

: 243 nm (cooling)

: 532 nm (probe) Ps 

emission

Ps formation target

(silica aerogel with 

open pores)

(a) Laser irradiation of Ps

Cooling by laser ,

Probe by lasers & 

E (eV)

－6.8

－1.7
2P

1S
Ps

Ps

0

Spontaneous 

deexcitation

(Lyman-α)

Lifetime: 3.2 ns

e+e−

e−

Electrons in surrounding 

materials

gamma-

rays

(b) Ps cooling cycle
1S→2P→1S→2P…, 

followed by 

1S→2P→ionization to 

detect Ps in 2P state.

Ps

: 243 nm (probe)
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Ps Doppler cooling experiment with 3 lasers
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(b) Ps cooling cycle
1S→2P→1S→2P…, 
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1S→2P→ionization to 

detect Ps in 2P state.
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1D laser cooling 
of Ps in vacuum.
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e+

High reflectance (98 %) mirrors

Lasers 

( → & )

Ps-formation 

target (silica 

aerogel with 

open pores)

Silica glass

plates

Top view

3D view

• Create Ps by irradiating a 

Ps-formation target 

(silica aerogel with open 

pores) with positron 

beam.

• Irradiate Ps emitted from 

the target with 243 nm 

UV laser.

• Reflect lasers for multiple 

times by high reflectivity 

mirrors to obtain the 

interaction area between 

the laser and Ps.

• Confine Ps with two silica 

glass plates.

Lasers ( → & )

×200,000



Experimental setup at KEK-SPF

Vacuum chamber

Laser hut
Energy 5 keV

Intensity 105 e+/ bunch

Repetition 50 Hz

Pulse width 11 ns

Size ø10 mm 
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Experimental setup at KEK-SPF
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( → & )
Target stick
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Experimental setup at KEK-SPF
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Experimental setup 
at KEK-SPF
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Without shining the cooling 
laser , we confirmed 
stimulations of 1S→2P

transition of Ps with probe 
lasers & .

No laser

With lasers 

&

Area difference 

in 1 μs—7 μs

E (eV)

－6.8

－1.7
2P

1S
Ps

Ps

0

Spontaneous 

deexcitation

(Lyman-α)

Lifetime: 3.2 ns

e+e−

e−

Annihilate with vacuum 

chamber ~ 1 μs—7 μs

gamma-

rays
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Without shining the cooling 
laser , we confirmed 
stimulations of 1S→2P

transition of Ps with probe 
lasers & .

No laser

With lasers 

&

A. Ishida et al., Photon 

Factory Activity Report 

37(2020)201 (Japanese).

Wavelength of probe laser 

(before calibration, nm)

Area difference 

in 1 μs—7 μs

E (eV)

－6.8

－1.7
2P

1S
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Ps

0

Spontaneous 

deexcitation

(Lyman-α)

Lifetime: 3.2 ns

e+e−

e−

Annihilate with vacuum 

chamber ~ 1 μs—7 μs

gamma-

rays
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The Ps 1S—2P transition signal was nearly doubled at all 

wavelengths of probe laser when we did the first trial to shine a 

prototyped Ps cooling laser before shining lasers & .

→ We still need further detailed analysis and consolidations, but so 

far it turned out that there was a huge systematic effect caused by 

shining UV lasers to the apparatus, especially to the laser 

reflection mirrors.

E (eV)

－6.8

－1.7
2P

1S
Ps

Ps

0

Spontaneous 

deexcitation

(Lyman-α)

Lifetime: 3.2 ns

e+e−

e−

Annihilate with vacuum 

chamber ~ 1 μs—7 μs

gamma-

rays
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To investigate possible systematic effects caused by shining UV 

lasers to the apparatus, we removed the cooling laser . 

We split the probe UV laser to two paths and used one of them 

as a mock cooling laser while using the other as a probe laser . 

Then we performed a mock cooling experiment to check systematic 

effects.

E (eV)

－6.8

－1.7
2P
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0

Spontaneous 

deexcitation

(Lyman-α)

Lifetime: 3.2 ns

e+e−

e−

Annihilate with vacuum 

chamber ~ 1 μs—7 μs

gamma-

rays
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To investigate possible systematic effects caused by shining UV 

lasers to the apparatus, we removed the cooling laser . 

We split the probe UV laser to two paths and used one of them 

as a mock cooling laser while using the other as a probe laser . 

Then we performed a mock cooling experiment to check systematic 

effects.
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deexcitation

(Lyman-α)

Lifetime: 3.2 ns
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Annihilate with vacuum 
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rays

(a) Without mock laser

Probe laser (10 Hz)

Time (s)0 0.1 0.2 0.3

e+ bunch (50 Hz)
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To investigate possible systematic effects caused by shining UV 

lasers to the apparatus, we removed the cooling laser . 

We split the probe UV laser to two paths and used one of them 

as a mock cooling laser while using the other as a probe laser . 

Then we performed a mock cooling experiment to check systematic 

effects.
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deexcitation

(Lyman-α)

Lifetime: 3.2 ns

e+e−

e−

Annihilate with vacuum 

chamber ~ 1 μs—7 μs

gamma-

rays

(a) Without mock laser

(b) With shining mock laser at 5 Hz.

Mock cooling laser (5 Hz)

Probe laser (10 Hz)

Time (s)0 0.1 0.2 0.3

e+ bunch (50 Hz)

Time (s)0 0.1 0.2 0.3

Probe laser (10 Hz)
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We observed a signal increase by the mock cooling experiment.

The systematic effect by shining the mock laser could be seen 

even at the timings when the mock laser was not shined.

The decay constant of the effect was found to be ~ 5 minutes.

(a) Without mock laser

(b) With shining mock laser at 5 Hz.

Mock cooling laser (5 Hz)

Probe laser (10 Hz)

Time (s)0 0.1 0.2 0.3

e+ bunch (50 Hz)

Time (s)0 0.1 0.2 0.3

Probe laser (10 Hz)

(a) (original 

probe laser )

(a) 

(b) &
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The transition rates are high for 

both conditions in experiment (b).

(b)

Wavelength of probe laser (nm)

(2021/11/10—13 @KEK-SPF)

A. Ishida et al., Photon Factory Activity 

Report 39(2022)183 (Japanese).
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We found that the laser reflection mirrors were negatively charged 

by UV lasers, which caused a huge systematic bias on the 

measurement of Ps transition rate. 

UV ns-pulsed laser

(100—400 μJ, 10 Hz)

High reflectivity (dielectric 

multilayer) mirror

Surface 

potential 

meter

Electric potential measurement 

in atmosphere.

The mirror was negatively charged.

→ The trajectories of ionized positrons 

were changed by the electric field, 

which caused a huge bias on the 

detection efficiency of Ps transitions.
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Silica glass

plates

We found that the laser reflection mirrors were negatively charged 

by UV lasers, which caused a huge systematic bias on the 

measurement of Ps transition rate. 

+100 V

−100 V

E

UV ns-pulsed laser

(100—400 μJ, 10 Hz)

High reflectivity (dielectric 

multilayer) mirror

Surface 

potential 

meter

Electric potential measurement 

in atmosphere.

The mirror was negatively charged.

→ The trajectories of ionized positrons 

were changed by the electric field, 

which caused a huge bias on the 

detection efficiency of Ps transitions.

We attached tungsten (W) meshes 

(93 % open area) to form an 

electric field. → Control the 

trajectories of ionized positrons.

10 mm

Our solution:
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We observed a sharp increase of the gamma-ray counts at the timing of 

laser irradiation. 
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Forced positrons to annihilate immediately 

after Ps ionization so that we obtain

1S→2P transition rate with a timing 

window which is as narrow as a few ns.
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We observed a sharp increase of the gamma-ray counts at the timing of 

laser irradiation. 

We succeeded in removing the systematic effect caused by the mirror 

charged by the UV lasers.

We expect a proof-of-principle experiment of Ps laser cooling within a year.

〇 (a) 

× (b)
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Forced positrons to annihilate immediately 

after Ps ionization so that we obtain

1S→2P transition rate with a timing 

window which is as narrow as a few ns.
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Checked by another mock 

cooling experiment. 

No difference was observed.
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We want to cool Ps down to 10 K for various 
physics interests.

Summary

1. Combination of Ps thermalization cooling and laser cooling 

will be efficient enough to realize Ps-BEC.

2. We have developed a dedicated laser system for Ps cooling, 

Chirped Pulse-Train Generator (CPTG), with 300-ns pulse 

duration and 0.4 GHz ns−1 frequency chirp.

3. We are trying a proof-of-principle experiment to laser-cool Ps 

in vacuum at KEK-SPF. We succeeded in removing the 

systematic effect caused by the mirror charged by the UV 

lasers.

4. We expect a proof-of-principle experiment of Ps laser cooling 

within a year.
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