Recent progress towards positronium
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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

. . Goals:
1. Positron focusing _
2. Ps formation material 10718 cm—3
B) Rapid Ps cooling .
3. Thermalization gL 100 ns

4. Laser cooling 10 K




Positronium (Ps) is a good probe for
fundamental physics

Electron
Positron

/ Q Bound state of an
ﬁi and its antiparticle positron (e*)
The Lightest and Exotic Atom

v' Exotic atom with antiparticle
» Good to explore the mystery of antimatter

v Purely leptonic system
» Experiments and theoretical calculations can be compared in
high precision without uncertainties of hadronic interactions.




Positronium (Ps) is a good probe for
fundamental physics

Electron
Positron
/ Q Bound state of an
ﬁi and its antiparticle positron (e*)

The Lightest and Exotic Atom

In this talk, we focus on the ground-state ortho-positronium (o-Ps),
the spin-triplet state with a lifetime of 142 ns.
0-Ps has much longer lifetime than the spin-singlet para-positronium

(p-Ps), which has a lifetime of 125 ps.
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We want to realize an antimatter guantum condensate
= positronium Bose-Einstein condensate (Ps-BEC).
Gamma-ray lasers may be realized using Ps-BEC as a

source.
\ /

Antimatter quantum
condensate (Ps-BEC)

Entangled
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511 keV, nano-second-pulsed coherent gamma-rays
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Motivation

4 N
Ps-BEC may answer the great mystery of

the matter-dominated universe
\_ J

Game change in particle physics, .
atomic physics, and osmoloQi
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Proposed Ps antimatter gravity measurements

M be | Ps-BEC
Interferometry coherepce will be increased i
by cooling Ps \ \ Fehn

A 1

Beam splitter)\ / \

Mach-Zender Interferometer

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

T. J. Phillips, Hyperfine Interactions 109, 357 (1997). ohys. stat. sol. (c) 4, 3419 (2007)

Spectroscopy precision will be improved
by cooling Ps
Gsr&l‘zgd E)S(gggd Transition frequency Dlﬁerent d|Stance
E= moc2 + mogh E=(my+ Am)(c? + gh) hv, = Am(c? + gh ) from the Sun:
h AU(Tmax) —2 AU(Tmin) ~ 39 x 10_10.
E = myc? E = (my + Am)c? hv,, = Amc? c
(0.32 ppb)

: . o _ cf. Ps 1S—2S: 2.6 ppb
Fig. 1. Derivation of the gravitational red shift.

S. G. Karshenboim, Astron. Lett. 35, 663 (2009).
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Ve
Self-annihilations of Ps-BEC can generate

\

2 coherent and entangled gamma-rays:
Realization of gamma-ray lasers

N

Total spin

203 GHz
High-power
millimeter waves

E(keV)

1022 —
Total spin
S=0

AWRELS S AN S
< | — s "2N0-S€CONd-
0 — pulsed
gamma-rays

H. K. Avetissian et al., Phys. Rev. A 92, 023820 (2015).



Motivation

-~

: : : )
Exploration of unknown energy regions in

all quantum optics research
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Game change in the fields of optics,
atomic physics, and nuclear physics

Visible laser & atom Gamma-ray laser & nucleus

G- -h
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Our Target:

Positronium Bose-Einstein condensate (Ps-BEC)

— |
® i Ps: Our target \
£ o8-
L .
B 87Rb
> —
-‘5; (01°H 1995 A
S L i Current
0 jo%2- Records*

BEC Phase above lines

1O3T.|.| AN N NN NN O T R B
10° 107 10° 10° 107 10
Temperature (K)

* . S. Mariazzi et al., Phys. Rev. Lett. 104, 243401 (2010)
*: D. Cassidy et al., physica status solidi 4, 3419 (2007)
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 Ps must be dense and cold
 High critical temperature

because of Ps light mass
(14 Kat 10" cm™)

* 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.

11
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Two challenges to realize Ps-BEC

Main problem
Ps lifetime is only 142 ns

Two challenges
1. Instant creation of dense Ps
> 10" cm=3in <50 ns

2. Rapid cooling of Ps
<10 Kin ~300 ns

12



Our idea to realize Ps-BEC

A) Dense Ps formation by:
1. Positron focusing Magnifiec
2. Ps formation material

B) Ps cooling by: 4. Laser cooling
3. Thermalization (by 1S—2P)
4. Laser cooling

Cooled down to 4K by
cryogenic refrigerator

n=10%cm3

@ 3. Thermalization

Ps is cooled by
heat exchange

@ due to collisions
@ with pore walls.

Nanosecond bunch
1.5x108 e* ,okeV, & 5 mm

polarized

Focu3|n
®6pm

e e el
e o o - ==

1. Many-stage 243nm UV lase

Brightness Enhancement System

Nano pores @ 50—100 nm

Create dense positron bunch \ /
2.e* —> Ps
Combine thermalization and laser cooling ~ 9enerator/condenser
to cool Ps down to 10 K in 300 ns currently, silica (SiQ,) is used.

K. Shu et al. J. Phys. B 49, 104001 (2016)
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Our idea to realize Ps-BE
A) Dense Ps formation by:

1. Positron focusing
2. Ps formation material
B) Ps cooling by: 4. Laser cooling

3. Thermalization (by 1S—2P)
4. Laser cooling ‘

I

I |

I |

I |
Nanosecond W@ i - _
1.5x108e*,5keV, & 5 mm - Focus into
polarized /\: @6 um

243nm UV lase

1. Many-stage
Brightness Enhancement System
Create dense positron bunch

Cooled down to 4K by
cryogenic refrigerator

generator/condenser

Combine thermalization_ and laser cooling
currently, silica (SiO,) is used.

to cool Ps down to 10 K in 300 ns
K. Shu et al. J. Phys. B 49, 104001 (2016)

2023/07/27 14




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

L R

Silica aerogel 0.12gcm™3 Ay TR e
45 nm pores R AR N
] CVD 75 nm
m I Silica aerogel 0.5 mm [HEEEEEEPSES
x 200,000
20 E| 1=1209+ 1.1ns T o/ T
g Ts ) A — 1=13 % gggi—é\l/-~85%at243nm
@ Good for Ps g I A far chining
=S R € 6o - Good for shining
5 10° ¢ generator/condenser & I
o : = UV lasers
SRS N i (U R NN N N S = 40— =
10% £ |
T T S S M1 WP S M— — 20 L” | | |
10 | e s . 1 Wt - 200 300 400 500 600 700 800
N . Wavelength (nm)
0 100 200 300 400 500 6‘?|Cr)n 67328) Parallel light transmittance
Timing spectrum of bulk-PALS measurement measured by spectrophotometer

0023/07/27 using 22Na with t = 1 mm silica aerogel with t0.5 mm silica aerogel



Our idea to realize Ps-BEC

A) Dense Ps formation by:
1. Positron focusing Magnifiec
2. Ps formation material

B)_Ps cooling by: 4. Laser cooling
3. Thermalization (by 1S—2P)

4. Laser cooling ‘

N

I |

I |

I |
Nanosecond W@ i - 0
1.5%x108e*,5keV, & 5 mm - Focus |nt
polarized /\l D6 Um

243nm UV lase

1. Many-stage
Brightness Enhancement System
Create dense positron bunch

Cooled down to 4K by
cryogenic refrigerator

3. Thermalization

Ps is cooled by
heat exchange

@ due to collisions
@ with pore walls.

Nano p§ges G 50—100 nm
\

2.e* > Ps
Combine thermalization and laser cooling generatorlclqnden.ser |
to cool Ps down to 10 Kiin 300 ns currently, silica (SiO,) is used.

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

Tenv =

Ps are formed in
cryogenic silica
(SiO,) aerogel

Side view A GM refrigerator
22Na source

~~
X =
| Plastic scintillator
~ ! - o W
Silica aerogel X PMT

400

300

(Vacuum) N PMT

0.05 200

Thermal
“““““““ BN radiation shield

HQ_'] 00 S e =
XZ /ndf = 11 3.3/109 . 'l:_pAVieW(Air) Lead shields
0 0 — 260 — 400 - 6000 Vacuum LaBr; (Ce)
chambe Scintillator

Time (ns)
PHYSICAL REVIEW A 104, L050801 (2021)

Observation of orthopositronium thermalization in silica aerogel at cryogenic temperatures

Kenji Shu®,” Akira Ishida®,” Toshio Namba, and Shoji Asai
Department of Physics, Graduate School of Science, and International Center for Elementary Particle Physics, \V/
The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan ( acuum)

Nagayasu Oshima®, Brian E. O’Rourke ®, and Kenji Ito Y
National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba-Central 2,
20 2 3 /07 /27 1-1-1 Umezono, Tsukuba, Ibaraki 305-8568, Japan 1 7



Ps thermalization slows down at lower Ps kinetic energy

Ps temperature 7Tp, (K)
10° 10° 10
LR ' L ' L
M(E).

dE(t)

_ | @ Consistent with older experiments
"""""""" at higher temperatures.

5 1 @ The dependence of the silica
= effective mass M on the Ps
] kinetic energy can be explained
by the de Broglie wavelength of

[
-
(O8]

[E—
-
\®)

_ " This work
! TPS—IOO SOOK

Silica effective mass M (u)

10 . the Ps atoms (M « (/13153)2 < E71).
10‘2 | 10" 1 ® Thermalization can cool Ps down
Ps kinetic energy £ (eV) to 100 K, but not enough for Ps-
BEC.

K. Shu et al., Phys. Rev. A104, L050801 (2021). ® Next Cooling: L aser cooling down

to 10 K.

2023/07/27
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Combination of Thermalization and Laser cooling
is suitable for fast Ps cooling to realize Ps-BEC.

Silica (SiO,) cooled Ps temperature evolution
down by cryogenic (MC simulation)
@ refrigerator ; 5
] X | |
& 1018cm 3 S | S RS S
o ol & e
- ; . .
-é v Only by tr?ermallzatlon |
S 10°F ;
Ps laser GE) - With laser cooling
cooling 243nm '—*'--—7-'-':::.-::, ....... %
18—2P wn - ' ......
( @ UVlaser o 10§ T. at 5 i |
g Fng=4 %1018 cm- e
1‘ BEC tranS|t|on at 10 K™
Nano pores @ 50—100 nm 0 200 400 600

Time (ns)

K. Shu et al.,, J. Phys. B 49, 104001 (2016), A. Ishida et al., JUAP Conf. Proc. 7, 011001 (2018).
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Our idea to realize Ps-BEC

A) Dense Ps formation by:
1. Positron focusing
2. Ps formation material
B) Ps cooling by:
3. Thermalization

4. Laser cooling
e
S

Cooled down to 4K by
Magnified cryogenic refrigerator

Vie

n=10%cm3

4. Laser cooling
(by 1S—2P)

3. Thermalization

Ps is cooled by
heat exchange

@ due to collisions
@ with pore walls.

Nano pores @ 50—100 nm

Nanosecond bunch
1.5%x108 e*, 5keV, ¢

polarized

Fopus into

mm

243nm UV lase

1. Many-stage
Brightness Enhancement System

Create dense positron bunch \ /
2.e* —> Ps
Combine thermalization and laser cooling ~ 9enerator/condenser
to cool Ps down to 10 K in 300 ns currently, silica (SiQ,) is used.

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

2023/07/27 20



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

Core process of the Ps laser cooling

E(eV) ,
Vacuum B (2 (1) Excite Ps to 2P state by shining 243 nm
S UV laser.
—1.7— 53 (2) If nothing special happens...
: » Ps is de-excited to 1S state with lifetime
243 nm (1) of 3.2 ns (Lyman-alpha).
3 ns pulse (2) —Good for laser cooling

(2’) If lifetime of 2P-Ps inside pores is
short (as reported in

 J

2% Topsis 3.2 11S

—6.8‘|

1S B. S. Cooper et al. PRB 97, 205302 (2018).)...
Ps energy levels > Annlhllatlon rate to gamma-rays is
increased.

—Bad for laser cooling

2023/07/27 21



We performed a test experiment at KEK IMSS Slow Positron Facility
(SPF), Tsukuba, Japan.

« Highest intensity (5x107 slow e* s™1)
_+ Variable energy (0.1—35 keV)

Slow-positron
production unit
(0.1—35 kV) e+

e

SI-pnsTtron production
Unit (0.1 - 35 kV)

SPF-A4
(H==lb)

B1 fl.

(TRHEPD)

2023/07/27 22



Experimental setup at KEK-SPF

KEK-SPF B1 beamline . Gamma-ray detector:
d - Tl - . LaBr.(Ce) scintillator
| o ? L ‘ Gamma_—ra_y_ deteotor Positron < s(Ce)

_ i i = .| "

: : “p L—
focusing coil 3 \ rﬁ

Positrons ~ UV laser

——

Ps formation target 74 :@7/ Vacuum
_ (silica aerogel) i shamber
Energy 5 keV 10em larget stick M=—

Intensity ~10%e*/ pulse
Repetition 50 Hz
Pulse width |16 ns
Size @~10 mm K. Shu, Ph.D. thesis (UTokyo, 2020).

2023/07/27 23

Positrons were focused to 3 mm
so that it matched the laser size.




Slow component of 0-Ps annihilations was confirmed in silica-aerogel
timing spectrum without shining UV laser.

Signal Amplitude (V)

s
<
II|

L4

—
<
(\)

...........................................................................................

—
<
w

1 EEEEEEEEEEEEEEE".:..':EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE%EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE;EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

- Silica aerogel with CVD cap
WITHOUT laser

200

400

Time (ns)

PMT signals made by annihilation gamma-rays
detected by LaBr,;(Ce) scintillator

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



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

A
>
(D)
210"
Q.
£

-2
=10
C
5
403

Long component was
decreased because of
annihilations of Ps
which are excited to

2P state.

2023/07/27

7 at the timing of shlnlng UV laser.

............................................................................................................

............................................................................................................

R . g -t g e

'.‘
CIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIN

T:::::::Ei'.":::::: SIIIIIIIIIIIIIIN AnnihilatiOn gamma ray Signal WaS increased

Time (ns)
PMT signals made by annihilation gamma-rays

detected by LaBr,;(Ce) scintillator

K. Shu, Ph.D. thesis (UTokyo, 2020).
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2P-Ps annihilates into gamma-rays immediately
In silica aerogel.

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

S 1 g 0.04 |imememegeeibeemee e
® 5 | .
g 10" : = Signal(A)-signal(B)
s b \WITHOUT laser (B) B 0.02 v e
£o? N : . Ps decreased 5
Sl ey N I
S0 0 .d _______ A I . N
o | i . AN\ —
0 200 400 ,T,,,,
Time (ns) 0 100 200 300 400
PMT signals made by annihilation Laser shining Time (ns)
gamma-rays detected by LaBr,(Ce) . i
scintillator Signal difference caused by

shining UV laser
Only UV laser of 300 uJ 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.

26



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

Core process of the Ps laser cooling

E(eV) ,
Vacuum B (2 (1) Excite Ps to 2P state by shining 243 nm
S UV laser.
—1.7— s (2) If nothing special happens...
: » Ps is de-excited to 1S state with lifetime
243 nm (1) of 3.2 ns (Lyman-alpha).
3 ns pulse (2) —Good for laser cooling

(2’) If lifetime of 2P-Ps inside pores is
short (as reported in

 J

2% Topsis 3.2 11S

—6.8‘|

1S B. S. Cooper et al. PRB 97, 205302 (2018).)...
Ps energy levels > Annlhllatlon rate to gamma-rays is
increased.

—Bad for laser cooling

2023/07/27 27



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)

tVacuum 'Y,
: Ps
—1.7— > P
243 nm (1) N
3 ns pulse ()
‘I A" T2po15 3.2 18
-6.8

1S

Ps energy levels

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.

—Bad for laser cooling

2023/07/27
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There is an indication that the 2P-Ps decay rate at low
Ps temperature might be low enough for Ps laser cooling.

We measured the 2P-Ps decay rate at different laser irradiation timings.
Ps temperature depends on the timing because of the Ps thermalization.

/ .
22N

0o 0.05 '0.1' | 'c').'ué' | '0.2' Ps kinetic energy (eV)

Ps kinetic energy (eV) We are planning to measure the 2P-Ps decay
rate at cryogenic temperatures this winter.

—_ N 3

N Q o
= - — Best estimation

& 8000 s | e

E\I _é I Uncertainty
2 2

o 6000 S -

O ‘_8 I

= 4000 @ 4l

O I le : ; : R :

5 2000 ForrooeH . |—+—Measured S

& I § . | — Best estimation :N Y | | |

| I il .| Z Uncertainty Q ——~————

Q L . s 0 0.05 0.1 0.15 0.2

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



Requirements for Ps cooling laser
— 243 nm sub-us pulsed, broadband, and frequency-chirped laser

1. Long pulse duration and sufficient 2. Broadband and frequency-chirped
pulse energy <« Ps lifetime: 142 ns «— Ps light mass: 2m,

D) - FWHM at 300
2P A @ - for 243 nm

243 nm | 300 K510 K
6.4 ns
/\/\7 50 cycles /\/\7

v -500 0 500 Af (GHz)

1S \&

+ 1S—2P (243 nm) * Doppler broadening is 30 times larger than

~ hydrogen.
g'4 nihx:f(§)0~ 300. nsl — ?OOI down « To follow the change in the Doppler profile
. |:>S|WI _ni Zlgg (j PUISe by cooling (300 Kto 10 Kin 300 ns) —
HISe Energy = 2K Broadband (= 10 GHz) and Frequency chirp

> +0.2 GHz ns™

2023/07/27
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Chirped Pulse-Train Generator (CPTG)

PHYSICAL REVIEW APPLIED 16, 014009 (2021) Multipass Ti:sapphire amplifier
Third-harmonic generator ." ____________ \
1
e @
. . . . . . Pellin-B I
Theoretical Analysis and Experimental Demonstration of a Chirped Pulse-Train Sprm o 7! | > :
. . . . . . ! 1
Generator and its Potential for Efficient Cooling of Positronium . ! ! i, .
Polarization I . P P 1
tat 1
K. Yamada®,' Y. Tajima®,> T. Murayoshi,! X. Fan®,"" A. Ishida®,! T. Namba,? S. Asai®,!  \\ “o_____ S /! \ !
M. Kuwata-Gonokami®,! E. Chae®,>*> K. Shu®,"2* and K. Yoshioka®2?*" ! !
: :
Ps cooling | |
laser ’ i !
X Ti:S !
! :
! 1
: v| |
_______________________________________________________ X
I ——————————— e, St s s, \I : .
i A4 |pps ! ! :
1 1 1
| N |
! Wollaston | \ !
: Balanced prism ! | :
. detector : : 11?7 \
: I S — - 1 0|
: SN ST | S . : ____\::::____ ______ /’
1 Output coupler \/, i !’ >
H oo :
S
: /\/2§: : Faraday 1
i ! I isolater ;
1 i,  TTTTTTEEETmmS
: Piezoelectric actuators E
[ 532-nm Hn
1 \ :
Vi Ti:S ] /:

2023/07/27

Chirped pulse-train generator

FIG. 1. Schematic of the prototypical cooling laser system. ECDL, external-cavity diode laser; A /2, half-wave plate; A /4, quarter-
wave plate; EOM, electro-optic phase modulator; rf, driving radio frequency; Ti:S, Ti:sapphire crystal; PBS, polarizing beam splitter;
LBO, lithium triborate crystal; BBO, B-barium borate crystal.
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Ps cooling laser

1'- g, -
e )

.. _'T| Sapp__h_lf_e_ ; Electro Optlc

Mod ul@tor

j.:_crystal
a5 (EOM)

{ E
1 :
!
1 H
]
[
1 : Wollaston
1 i @ Balanced
: rism
X ‘ detector P
1 e eereereeeresereresseseestasesseasassesseasassssesasassssersssssedbessssennet ensseedlassesesasasaesssasasesaeseaesassessssassessnssssessasassesfussnaesanast |
1 1
! 1
PRI TRHRRI NIRRT | SRR F— y
0 3 A Output coupler \// :)
1 I
Ao
| A2 |
1 :
; | Y
1 H
: Piezoelectric actuators :
I 532-nm i
[ \ H
. Ti:S 1 iy
RN - TSTS 7
N e e e o o o e e = = e e = = o - o —

Chirped pulse-train generator
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Using a chirped train of optical pulses (Yoshioka group)

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

Long duration

:E, ks : Fast chirp
o - 8

§ 081 1257130 135 140 145 1éoTi:néés(r1]§)o /(é)\ 0 100 f—-E\
S 0.6 300 ns © >
0‘33 0.4 | .GE) g
oz ORI, . $
.O Resolution ?
- 2
0 100 200 300 400 500 <

Time (ns) approx. 500 GHz/us

400 Preliminary

Broadband spectrum of a selected pulse

500 0 500 1000

oftset

0.01188 Frequency (GHz)

Power {arb. unit)

_______________________________________ POSMOL 2023, August 5
______ talk by K. Yoshioka

L , \-\_rm (The University of Tokyo)

Freguency - 1233168 {GHZz)
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Summary

We want to realize an antimatter quantum condensate =
positronium Bose-Einstein condensate (Ps-BEC).

~

9 Gamma-ray lasers may be realized using Ps-BEC as a source.

Entangled

L p
+* 0 -
* * * *
S . . . .. o* * .
‘e, o o, o F A . * *
o a e 5 o .l“ ..Il“
' F
. /f

511 keV nano-second-pulsed coherent gamma-rays

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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