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⚫Motivations for positronium Bose-Einstein 

Condensation (Ps-BEC)

⚫Overview of the current status of our Ps-BEC project:
A) High-density Ps formation

1. Positron focusing

2. Ps formation material

B) Rapid Ps cooling

3. Thermalization

4. Laser cooling
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1018 cm−3

10 K

in ~100 ns

Goals:



Positronium (Ps) is a good probe for 

fundamental physics

Positron
Electron

−
+

Bound state of an electron (e−)

and its antiparticle 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.

2023/07/27 4



Positronium (Ps) is a good probe for 

fundamental physics

Positron
Electron

−
+

Bound state of an electron (e−)

and its antiparticle positron (e+)

The Lightest and Exotic Atom

2023/07/27 5

In this talk, we focus on the ground-state 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.



We want to realize an antimatter quantum condensate
= positronium Bose-Einstein condensate (Ps-BEC).
Gamma-ray lasers may be realized using Ps-BEC as a 
source.

Entangled

511 keV, nano-second-pulsed

Antimatter quantum 

condensate (Ps-BEC)

coherent gamma-rays
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Ps-BEC



Ps-BEC may answer the great mystery of
the matter-dominated universe

Game change in particle physics, 

atomic physics, and cosmology

Beginning of 

the universe: 

Big Bang

Matter

Antimatter

Pair 

creation

G
ra

v
it

y

Ps-BEC

The universe

Disappeared

? ? ?
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Motivation



Interferometry

Spectroscopy

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

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

Different distance 

from the Sun:

Proposed Ps antimatter gravity measurements

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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precision will be improved 

by cooling Ps



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

H. K. Avetissian et al., Phys. Rev. A 92, 023820 (2015).
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Exploration of unknown energy regions in 
all quantum optics research

Visible laser & atom

Innovation

Gamma-ray laser & nucleus

Game change in the fields of optics, 

atomic physics, and nuclear physics
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Motivation



• 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.

87Rb

1995

BEC Phase above lines

Temperature (K)

D
e
n

s
it

y
 (

c
m

−
3
)

Current

Records*

* : S. Mariazzi et al., Phys. Rev. Lett. 104, 243401 (2010)

* : D. Cassidy et al., physica status solidi 4, 3419 (2007)

1H

1998

Ps: Our target

Our Target: 

Positronium Bose-Einstein condensate (Ps-BEC) 
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Main problem

Ps lifetime is only 142 ns

Two challenges

1. Instant creation of dense Ps 

> 1018 cm−3 in < 50 ns

2. Rapid cooling of Ps

< 10 K in  ~300 ns 

Two challenges to realize Ps-BEC
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Our idea to realize Ps-BEC

4. Laser cooling

(by 1S—2P) e+

e−

Ps

Ps

PsFocus into 

Ø 6 µm

Ps

Nanosecond bunch
1.5×108 e+ , 5 keV, 

polarized

Magnified 

View

2. e+ → Ps 

generator/condenser

currently, silica (SiO2) is used.

1. Many-stage 

Brightness Enhancement System

Create dense positron bunch

243nm UV laser

Combine thermalization and laser cooling 

to cool Ps down to 10 K in 300 ns

Cooled down to 4K by

cryogenic refrigerator

K. Shu et al. J. Phys. B 49, 104001 (2016) 

Nano pores Ø 50—100 nm
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A) Dense Ps formation by:

1. Positron focusing

2. Ps formation material

B) Ps cooling by:

3. Thermalization

4. Laser cooling

e+

3. Thermalization

Ps is cooled by 

heat exchange 

due to collisions 

with pore walls.

n ≈ 1018 cm−3

Ø 5 mm
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Silica (SiO2) aerogel was a good candidate. 
Capped the surface of the aerogel with an amorphous silica thin film by 
plasma-enhanced chemical vapor deposition (CVD).

Silica aerogel 0.12 g cm−3

45 nm pores

Timing spectrum of bulk-PALS measurement 

using 22Na with t = 1 mm silica aerogel

τ = 129.9 ± 1.1 ns

I = 13 %

Good for Ps 

generator/condenser

Silica aerogel 0.5 mm

CVD 75 nm

Parallel light transmittance 

measured by spectrophotometer 

with t0.5 mm silica aerogel

Good for shining 

UV lasers

~85 % at 243 nm
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×200,000

100 nm
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A) Dense Ps formation by:

1. Positron focusing

2. Ps formation material

B) Ps cooling by:

3. Thermalization

4. Laser cooling

e+

3. Thermalization

Ps is cooled by 

heat exchange 

due to collisions 

with pore walls.

n ≈ 1018 cm−3

Ø 5 mm



Ps are formed in 

cryogenic silica 

(SiO2) aerogel

Ps thermalization down to 100 K was observed with 25 K silica aerogel.

However, the observed thermalization cooling was too slow to get 10 K.

2023/07/27 17



Ps thermalization slows down at lower Ps kinetic energy

⚫ Consistent with older experiments 

at higher temperatures.

⚫ The dependence of the silica 

effective mass M on the Ps 

kinetic energy can be explained 

by the de Broglie wavelength of 

the Ps atoms (𝑀 ∝ 𝜆Ps
dB 2

∝ 𝐸−1).

⚫ Thermalization can cool Ps down 

to 100 K, but not enough for Ps-

BEC. 

⚫ Next cooling: Laser cooling down 

to 10 K.

K. Shu et al., Phys. Rev. A 104, L050801 (2021).
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e+

e−

Ps

Ps

Ps

Ps

Nano pores Ø 50—100 nm

n ≈ 1018 cm−3

Only by thermalization

With laser cooling

BEC transition at 10 K!

Tc at 

n0 = 4×1018 cm−3

Ps temperature evolution

(MC simulation)

Time (ns)

P
s
 T

e
m

p
e

ra
tu

re
 (

K
)

Combination of Thermalization and Laser cooling 

is suitable for fast Ps cooling to realize Ps-BEC.

Silica (SiO2) cooled 

down by cryogenic 

refrigerator

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)

2023/07/27 19
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A) Dense Ps formation by:

1. Positron focusing

2. Ps formation material

B) Ps cooling by:

3. Thermalization

4. Laser cooling

e+

3. Thermalization

Ps is cooled by 

heat exchange 

due to collisions 

with pore walls.

n ≈ 1018 cm−3

Ø 5 mm



Test experiment to excite 1S-Ps inside the silica aerogel 
pores to 2P state by shining 243 nm, 3 ns pulsed UV laser.

E(eV)

−6.8

−1.7
2P

1S

2S

Vacuum

243 nm

3 ns pulse

(1) Excite Ps to 2P state by shining  243 nm 

UV laser.

(2) If nothing special happens...

➢ Ps is de-excited to 1S state with lifetime 

of 3.2 ns (Lyman-alpha).

→Good for laser cooling

(2’) If lifetime of 2P-Ps inside pores is 

short (as reported in 

B. S. Cooper et al. PRB 97, 205302 (2018).)...

➢ Annihilation rate to gamma-rays is 

increased.

→Bad for laser cooling

Ps energy levels

𝜏2P→1S 3.2 ns

(1)
(2)

Ps
(2’)

Core process of the Ps laser cooling
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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)

We performed a test experiment at KEK IMSS Slow Positron Facility 
(SPF), Tsukuba, Japan.
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• Highest intensity (5×107 slow e+ s−1)

• Variable energy (0.1—35 keV)



Target stick

Gamma-ray detector

Experimental setup at KEK-SPF

Vacuum 

chamber

Positrons were focused to 3 mm 

so that it matched the laser size.

KEK-SPF B1 beamline

Energy 5 keV

Intensity ～104 e+/ pulse

Repetition 50 Hz

Pulse width 16 ns

Size Ø～10 mm 
2023/07/27 23

1

1

2

2

3

3

4

4

5

5

6

6

7

7

8

8

A A

B B

C C

D D

E E

F F

名前 日付

2019/06/18kshu

A2

作成者

確認者

承認者

1 / 1

PMT

Gamma-ray detector: 

LaBr3(Ce) scintillator

e+

UV laser

10 cm Target stick

Positrons

Ps formation target

(silica aerogel)

K. Shu, Ph.D. thesis (UTokyo, 2020).

Positron 

focusing coil



Slow component of o-Ps annihilations was confirmed in silica-aerogel 
timing spectrum without shining UV laser.

PMT signals made by annihilation gamma-rays 

detected by LaBr3(Ce) scintillator

Kapton

(no Ps formation)

Silica aerogel with CVD cap

WITHOUT laser
S

ig
n
a

l A
m

p
lit

u
d

e
 (

V
)
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2P-Ps annihilates into gamma-rays immediately in silica aerogel.

WITHOUT laser (B)

WITH laser (A)

Annihilation gamma-ray signal was increased 

at the timing of shining UV laser.

Long component was 

decreased because of 

annihilations of Ps 

which are excited to 

2P state. PMT signals made by annihilation gamma-rays 

detected by LaBr3(Ce) scintillator

UV laser 

shining

S
ig

n
a
l A

m
p
lit

u
d
e
 (

V
)
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2P-Ps annihilates into gamma-rays immediately 
in silica aerogel.

Only UV laser of 300 µJ pulse caused Ps annihilations to gamma-rays. 

Lifetime of 2P-Ps is short in silica aerogel.

This means Ps laser cooling inside the silica aerogel pores is very difficult. 

Signal difference caused by 

shining UV laser

WITHOUT laser (B)

WITH laser (A)

0 1000 2000

Time (ns)

0

0.5

1
H

e
ig

h
t 

(V
)

LaserOff

Laser1On
Laser2On

LaserBothOn
Laser1OnAny

0 100 200 300 400

Time (ns)

0

0.02

0.04

H
e

ig
h

t 
d

if
f 
(V

)

0.0008V)±MAX at (625.2ns, 0.0385
0.0003V±OffLevel at MAX = 0.1992
0.0038±Excess/OffLevel = 0.1932

Signal(A)−signal(B)

Laser shining

Ps decreased

PMT signals made by annihilation 

gamma-rays detected by LaBr3(Ce) 

scintillator

S
ig

n
a

l A
m

p
lit

u
d

e
 (

V
)
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K. Shu, Ph.D. thesis (UTokyo, 2020).



Test experiment to excite 1S-Ps inside the silica aerogel 
pores to 2P state by shining 243 nm, 3 ns pulsed UV laser.
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Unfortunately, (2’) was the case. 

Ps laser cooling inside the silica 

aerogel pores is very difficult. 

We are currently trying a Ps laser 

cooling in vacuum.

R&D of Ps formation material other than 

silica aerogel is also ongoing.



There is an indication that the 2P-Ps decay rate at low 
Ps temperature might be low enough for Ps laser cooling.
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2
P

-P
s
 d

e
c
a
y
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a
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We measured the 2P-Ps decay rate at different laser irradiation timings. 

Ps temperature depends on the timing because of the Ps thermalization.

We are planning to measure the 2P-Ps decay 

rate at cryogenic temperatures this winter.
K. Shu, Ph.D. thesis (UTokyo, 2020).



→ 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 K to 10 K in 300 ns) →

Broadband (≥ 10 GHz) and Frequency chirp 

≥ +0.2 GHz ns−1

243 nm

FWHM at 300 K

for 243 nm
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Chirped Pulse-Train Generator (CPTG)
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Ps cooling laser

Ti:Sapphire 

crystal
Electro-Optic 

Modulator 

(EOM)
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Using a chirped train of optical pulses  (Yoshioka group)

33

243 nm
パルス幅 300 ns
スペクトル幅 200 GHz
チャープレート ±42 GHz/μs
パルスエネルギー 600 μJapprox. 500 GHz/µs

300 ns

Broadband spectrum of a selected pulse

FWHM
12.7 GHz

A laser for efficient laser cooling of Ps
K. Shu et al., submitted

Long duration

Fast chirp

POSMOL 2023, August 5
talk by K. Yoshioka 
(The University of Tokyo)



We want to realize an antimatter quantum condensate = 
positronium Bose-Einstein condensate (Ps-BEC).
Gamma-ray lasers may be realized using Ps-BEC as a source.

Summary

A) High-density Ps formation

1. Positron focusing

2. Ps formation material

B) Rapid Ps cooling

3. Thermalization

4. Laser cooling

Entangled

511 keV nano-second-pulsed coherent gamma-rays

Ps-BEC
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