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Positronium:
Probe on Fundamental Physics

@ Sensitive probe on fundamental physics

e v" Exotic atom with anti-particle

6 v Pure leptonic system

Our works:

CP violation in

lepton sector
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» Suit for exploring the mystery of anti-matter

» Experiments and theory calculations can be
compared in high precision (ppm level)
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Next target :
Positronium Bose-Einstein condensation

Bose-Einstein condensation (BEC) Important feature
» Almost all of atoms in a cloud ® BEC is “Atom laser”

occupy a single quantum state ® (Quiet and coherent: Microscopic
» Atoms must be dense and cold guantum effect in macroscopic

such as matter-wave interference
® Breakthrough to study
microscopic world

Before release After release
0 um trapped by double-well expand to overlap

Nobel prize
2001

Spatial image of dense rubidium-87

around T_ (critical temperature) of BEC
2017/06/06 Science 275, 637 (1997)




Why BEC of “Positronium”

@ Because Ps has anti-matter! First BEC with anti-matter.

> Hot topics in particle physics and cosmology

® Anti-matter should not be same as ® Many experiments are searching
matter to explain why matters left on matter anti-matter symmetry
in the universe " |

—_—

The antiproton
decelerator at
CERN

_ _ Produce atoms
> BEC with anti-matter can be good tool to

: : : with antiproton
e search on this hot topic by using coherency such as A A

10,000,000,001 10,000,000,000

From Alan Stonebraker

T2K experiment in
neutrino mixing




What we can do with Ps-BEC

1. Measure anti-matter gravity 2. 511 keV gamma-ray laser
by atom-interferometer

Orthopositronium

Intensity of Ps blinks by changing o +
Parapositronium

path length |
SIOW i % (Df=203 GHz
Y < Source - A -
v/ nigled “//
Vacuum
Fast Phys. Rev. A 92, 023820 (2015)
* Deceleration by gravity shift * 0-PsBECtop-Ps by 203 GHz RF
phase of Ps in different paths * p-Ps BEC collectively decays into
* Path length 20 cm to see gravity coherent 511 keV gamma-rays
effects with weak-equivalent O Probe with x10 shorter
orinciple wavelength than current x-rays

— Phys. stat. sol. 4, 3419 (2007) 1] Macroscopic entanglement 5



Challenges to realize Ps-BEC

Conditions to realize Ps-BEC
® High density

® Low temperature

» ForPs, 14 K at 103 cm?3

@ Critical temperature (T.) is
very high due to Ps light
mass

X Ps annihilation life time is
only 142 ns

Necessary techniques

1. Instance (around 10 ns)
creation of dense Ps

2. Fast cooling of Ps to 10 K
in around 100 ns

2017/06/06
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Method to realize Ps-BEC

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

1. Create dense positrons and convert into dense Ps at once

Internal void = trap cavity
~150 nm X 150 nm X 150 nm

~108 positrons in nanoseconds bunch 13,500 Ps
keV energy created
4 x 108 cm?3
Positron .o TN,
Accumulator - )

Magnified view

"

Inject into a silica (SiO,) material
with ~100 nm beam waist by focusing  Silica as Ps converter
~50% prob.
» 10° positron accumulation was achieved elsewhere. We will
construct new focusing system to achieve 100 nm beam waist

2017/06/06




Positron focusing

Currently, a few um waist is achieved to probe fine structures of a surface

Principle of positron focusing (brightness enhancement):

Focusing lens Thin metal (W, Ni) moderator
by magnetic field keV energy ) ~100nm o omitted in eV energy

= positron negative
bunched e* beam >I " work function

Focusing in steep
angle to re-moderator Thermalize and diffuse

torearsurface 4 Narrow beam with low
emittance can be acquired!

N. Oshima et al. J. Appl. Phys. 103, 094916 (2008).

Plan to use this method for many stages, but repulsive force between
positrons themselves can be problem because it is dense
» Now studying and designing beam optics

2017/06/06




Method to realize Ps-BEC

2. Cooling by thermalization process

e

1st step
By collisions with cold silica cavity wall

= Thermalization process

/

Cold Silica < 10 K

2017/06/06



First observation of thermalization
process in cryogenic environment

We newly measured thermalization process in cryogenic silica aerogel
(= porous materlal made by SiO,) to confirm how they are cooled

B WY [
!

Scintillators and PMTs to detect Ps
creation and decay

e’ "\‘ ’ ‘!}u:f.‘ﬁt N
\ Plastic for et from 22Na

2017/06/06 LaBr; for annihilation gammas 10




Method to measure thermalization process
Use Pick-off annihilation

® Measure rate of collisions between Ps and silica particle

Pick-off 2y annihilation

* A positronin Ps and
an electron in silica
by collisions

0-Ps
. 511 keV ﬁ ",

mono energy Velocity v

Pick-off annihilation rate A,><ncv
n: Density of electrons in silica particle
o: Cross section of Pick-off annihilation

— By measuring 7»; vs Ps life, temperature
evolution of Ps can be measured

2017/06/06

*

\ 3y self annihilation

)

> 0-Ps« Both a positron
and an electron
are in Ps
e 0~511keV
continuous
energy spectrum

11



Result of the measurement

<015 3790
< 1500
1400
0.1 2300
=200
0.05 {100
_Preliminary ‘ 20K
v ———
0 200 400 600
Time (ns)

Thermalization curves of Ps in
various silica temperature

® Thermalization into cryogenic

Ps temperature (K)

temperature was clearly observed

2017/06/06

Temperature evolutions of Ps are
modeled by elastic collision model

dE 2 3
E——WU(E—EI(BT),
2F
v = ,
Mpg
C
A (t) ==X
2 (t) I v

Important parameter is M :

Effective mass of silica for elastic

collision with Ps

Measured M=170£10 a.m.u

v" Smaller (thermalize faster) than
other experiments in high T or
with gases

12



Method to realize Ps-BEC

2. Cooling by laser

2nd step
Irradiate 243 nm UV laser to cool
Ps down to 10 K

Silica is transparent in UV

7
ﬁ

b7

Y
4

243 nm UV laser



Method to realize Ps-BEC

2. Cooling by laser

2nd step
Irradiate 243 nm UV laser to cool
Pr o @ @—
S Koo R s
> N relmnary”
S 107 EumNmmmmnn
S”ica Is.t g il ______
Q. I S ~;~ ..... WithOUt Laser .........
GE) 10% Ep NnRME
= N T R
10 B o gD aguay
24 TN SRt Tk R LS s
1 L L L | L L L | L L L
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By detailed MC simulation Time (ns)
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Method to realize Ps-BEC

2. Cooling by laser

2nd step
Irradiate 243 nm UV laser to cool
P{ ,
< oo Preliminary:
o 3 : f
S 10° Eniann s r——
] B NG EERER ] Below T gt
Silicais - g ] 2 _Ps-BEC possible [
= 2
E 10
I_

24
1 . . . | . . . | . . .
0) 200 400 600
By detailed MC simulation Time (ns)
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Principle of Laser Cooling

Laser cooling: Cool atoms by absorptions of photons” momentum

EA

/
k

Ps Internal states

——2p (t=3.2ns)
/
7 5.1eV
=243nm UV
1s

At resonant

: Laser wavelength
AR
243nm A

XUl

® To let Ps absorb photon, use 1s - 2p transition
® Incident laser wavelength is detuned slightly longer than resonance

2017/06/06
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Principle of Laser Cooling

Ps Excited Ps de-excited
E "'Zp E ~ s '-Zp

/32ns
-tPS"lS -‘-15

NWWWW&W 3 ®),, e

Doppler effect(oc V)

Repeat this cycle

> A
Resonant 3. Spontaneously de-excite in 3.2
1.  Only counter-propagating photons ns with random direction
are absorbed by Doppler effect photon
2. Decelerate by photon‘s momentum (no effect on Ps temperature)

2017/06/06
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Requirements for Cooling Laser

No laser cooling of Ps (anti-matter systems)
For Ps, several special features are necessary

1. Long time duration pulse
» Cooling of Ps takes around 300 ns (™~ Ps life)

e* injection
o & Ps conversion
| - 1 | :
L |
Z 08| i
2 - |
GC) 06; i
e i / Cool Ps while 300 ns
= - ) ——-
« 04+ f ’
a i i Pulse duration
S o02f
0 ooy
-200 0 200 400 600
Time (ns)

2017/06/06
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Requirements for Cooling Laser

2. Wide linewidth
» Doppler effect is large due to Ps light mass, so laser linewidth
must cover wide Doppler width

Cooling laser

| Resonant should cover this
g gL wide 80 pm
3 At 300 K 3 linewidth
- Wide | /Also Wide
/s |‘><103 e/
0 50 100 150 200 243  243.05 2431 24315 2432

Ps velocity (m/s) Resonant wavelenth of laser (nm)

2017/06/06 19



Requirements for Cooling Laser

3. Fast shift of wavelength
» Resonant wavelength shifts as Ps atoms get cold
v Fast shift (40 pm in 300 ns) of pulse laser has never been

achieved
Resonant I -
2 E g b Laser wavelengt
: At 50 K i
< - = - should be also shifted
3 . : according to cooling
3 Largely shift by - 40 pm in 300 ns
3 cooling -
] At 300 K -
SN . 1x10° A S
0 50 100 150 200 243  243.05 2431 24315 2432

Ps velocity (m/s) Resonant wavelength of laser (nm)

2017/06/06 20



Requirements for Cooling Laser
How special?

Time duration 300 ns CW or Pulse with 10ns or 100 fs
Linewidth 80 pm <2pmor>10nm
Wavelength shift 40 pm in 300 ns No example in my knowledge

® Even though laser optics are deeply developed, many features which
Ps requires are special because laser cooling of Ps is a new challenge

® New design has been considered by combining sophisticated the-
state-of-the-arts optics technologies

2017/06/06



Special home-made laser system

® Schematic diagram of the system

— Q-switched
SRS \ Pump Laser

10 mW
e oo iter | [
gfneeb;?odr Wavelength Shifter 729 nm
40 wJ
sHG |—2220M | TG >
365 nm 243 nm

2017/06/06 22



Special home-made laser system

EOMSs can generate
wavelength modulated light by
applying RF for CW red light La7€

 Diode

d 1§ Ilophext HL730W\G
LJ - » tr |
{igan

1 é ( u y | ) »
{ N - i . 4

Sideband
Generator

2017/06/06



A

Laser intensity

2017/06/06

729 nm CW light oscillates in
pulse mode using Ti:S gain

e-made laser system

532 nm pulse

Wavelength Shifter

Pump Laser

|
Nd:YAG pulse :
|
l
|

CW Laser
-

THG

EOM2 EOM1
\ Sideband
Generator
SHG 729 nm
365 nm

40 wJ

>
243 nm
24



Development :
Prototype long pulse

Developed a bit short cavity with high reflectivity mirrors
Expected pulse time duration : 200 ns

......

2017/06/06

......
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Development
Prototype long pulse

Developed a bit short cavity with high reflectivity mirrors
Expected pulse time duration : 200 ns

7 POLARIZATION

=3 x 1020 cm? t=3.2 usec

/N

Z
-
m
Z
@
—
<
)
2
o
c
3.
g

/ Ampdidye: \\
/ 729 nm red

400 450 500 550 600 650 700 750 800 850 900
WAVELENGTH (nm)

m-polarized absorbance and fluorescence from Ti:Sapphire at 300 K.

,ppm.al Gawty

.

2017/06/06
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Development :
Prototype long pulse

Developed a bit short cavity with high reflectivity mirrors
Expected pulse time duration : 200 ns

......

2017/06/06

......
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Confirmed 200 ns long pulse at 729 nm

Tek S Trig’d M Pos: 736.0ns SAVE/REC
4+

Action

100 ns File

— FEﬁﬁft

About

Saving
Images

Select
Folder

Save
TEKOOO4,BMP

M 100ns CHZ J 11.6mY
15-Sep-16 11:03 3.00070kHz

Pulse shape detected by photo diode
detector

2017/06/06

v’ Long pulse consisted with
prototype design is achieved!

» Make larger cavity (L~4 m) to
store light for longer time to
achieve 300 ns time duration

28



Special home-made laser system

Wavelength conversion using non-linear optics

v' Complete!

—— Q-switched
SIITRAI \ Pump Laser

10 mW
vt |
Generator Wavelength Shifter 729 nm
iy o |
Ll she 729 hm THG > |
: 365 nm 243 nm |

2017/06/06 L o e o o o oo o o e e mm e e e e mm e mm e 29



SHG 729 nm — 365 nm is also done

729 nm

Just after LBO crystal
on paper
» Plan to complete other parts around one year, then conduct laser
cooling experiment with modest Ps density

2017/06/06
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Summary

® Ps-BEC is a good candidate of the first BEC with anti-matter, which has a
rich potentials on both fundamental and application physics

® New method has been proposed using dense positrons and cooling by
the thermalization process and laser cooling. Thermaliztion process in
cryogenic temperature has been measured for the first time, and it is
efficient enough to realize BEC with laser cooling

® Cooling laser for Ps requires very special optics, so new system is

currently under development. Prototype long pulse mode is confirmed to

be possible.

® Developments on creating dense, focused positrons is also under study in

parallel

® We will do laser cooling first and then go to BEC!

2017/06/06
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511 keV gamma-ray Laser

Decay from the BEC state 10’ S P S R T | 1
\macroscoplcally occupied) 4ot | o3 e o e npisome.
enhances corrective decay b [
* Directive vy 7
* Coherent . 757

< 10° F

: 102 5 /
BEC shape should be long in 1 | 2
one direction O 7 y-laser
(cigar shape) to have long 10° ////%
interacting time between Ps 107 6 1017 10 101 10 107 1072 107 1g2 102€ et
and 511 keV photons n (cm3)
Ps-BEC will be formed in 511 keV photon density vs BEC density from Ref

1.5cmx ¢ 10 wm =L\ Ps-BEC
H. K. Avetissian et al. Phys. Rev. A 92, 023820 (2015).

33

ortho, then stimulated into
para by 203 GHz photon



Anti-matter Gravity Measurement

Difference of the paths
will rotate relative phase

Use optical
between splited beams \ lasers to
\ Excite Ps to
n=25 Rydberg

It is said that in Ref:
20 cm legs would be
enough to see anti-

matter gravity’s effect \ \ \

Beam splitter)\

Ps must be excited into Mach- Zender Interferometer
Rydberg state to be
long-lived
(“miliseconds)

state

\d\

Interferometer experiment with Ps-BEC from Ref.

D. B. Cassidy et al. phys. stat. sol. (c) 4, No. 10 (2007)
34



Focusing positrons

From N. Oshima et al. J. Appl. Phys. 103, 094916(2008)

° 1 '
POS It ron bea m I Magnetic Transport System ’ Brightness Enhancement System ‘
can be guided Focusing Lons
Solenoid Coil n : Larmor Radius Extraction Coil (Principal Plane)
& fo C U S e d by g / g/ Remoderator
t . f. | d @ ls %l @ @ A (Transmission Type)
Magnetic 11elds Bi > Spiral Oro B Virtual l’o.xilr""&y
. L > [ l
Positron Source L y T / L 2o o < I
(Modcrator) 2n \ 2(Bi/B)r; 'J: S ! - ’
\ ] ] | \ \ } N 2rmin
Guiding Center Orbit Acceleration Region
From Mat. Sci. Forum 607, 238(2009) .
ZT“IY‘.
L Forum 607,2382009) 1 ) X0 K0 R | X VN
(a) = a b

100 + Insulator

Radial Position (mm)

-100 - [ead Block

Magnetic Field

& Positron Probe Microanalyzer system at AIST
* Multi-stage enhancements of intensity:

BaF2 1. Focusing by large gradient of mag-field
2. Transmit moderator to reduce emittance

Sampl
ample Yoke

e’ Beam

* This system has achieved 25pum(FWHM)

o[ () | . ep. 1 °  Improvements are under studying for:
2{?_— Sy Gl 1. Magnetic lenses
-100 0 100 2. Moderators 35
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B ASE
190~1600nm
REELOBEHYDEFET, SHE (T 7O5)L)

BRIEICRAEICADHED LERE
BBEIARTEIL
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B2 TD Ps EREEL—H—

H. Saito and T. Hyodo, "Quenching of positronium by surface paramagnetic centers in
ultraviolet- and positron-irradiated fine oxide grains", Phys. Rev. B 60, 11070 (1999).

Quartz-glass silica—aerogel heat-treated at 200°C silica—aerogel heat-treated at 800°C
Cold Finger - T I '
wf . @ : before irradiation 1 10% @ : before irradiation
.+ :after Uv-—imadation .+ :after UV-irradiation
. for 30 minutes L for 13 hours
N *\\ o} 10
N\ ;
—'N [ [
sample i
10% 10”[
r
Vacuum Chambper ~ UV-Lamp R—— R B |
0 200 00 0
FIG. 1. Schematic diagram of the sample chamber for positron channel number { tpc = 1.34ns ) el number (tpc = 1.97ns)
lifetime and Doppler broadening measurements under UV irradia-
tion. Degussa Alumina C Cab-O-SilEH-5
I @ : before irradiation 10° @ : before irradiation
A ]
<+ : after UV-irradiation . + : after UV~irradiation
3 for 10 minutes S for 10 hours

o (d)

10°

0 ‘ 200 00
channel number (tpc = 1.54 ns ) channel number ({tpc=1.97ns)

FIG. 3. Positron-lifetime spectra before and after UV irradiation for (a) silica aerogel heat treated at 200 °C, (b) Degus€d)Alumina C, (c)
silica aerogel heat treated at 800 °C, and (d) Cab-O-Sil.



Components for the measurement

* Positron comes from 22Na Rl
 Detected by a thin plastic scintillator

’Na radio isot
* Acquire t =0 (Ps creation timing) a radio 150tope

* Get electron from silica and Fo=----oo 2
form Ps in pore

e Ps collides many times with
the silica with various temp.

* Annihilate into y rays by
Pick-off / self annihilation

The thin
plastic scintillator

WS LaBr,(Ce)

Fast decay constant : 20 ns

e Detect b
etecty ray.s V ---------- Good energy resolution :
LaBr;(Ce) scintillator Cold stage 4% at 511 keV (FWHM)

e Count Pick-off

énnihilation events vs Ps Silica aerogel : porous material made by silica
life Density: 0.11 g/cm3 - Mean free path 60 nm

2017/06/06 41




Deducing Pick-off annihilation rate

Use difference between energy spectra of Pick-off 2y/Self 3y

Pick-off 2y : 511 keV peak 10°

Define energy regions to 150

enhance each annihilation event

100

Self annihilation rate A is constant
Nin 3, : Remained number of Ps
Nip 2, : Pick-off rate

50

0 ; i,
350 400 450 500 550
Nin 3y = £33 ] dt Nps + 2y Contamination Energy (keV)

Recorded energy spectrum
(Ps life 30 - 300 ns)

(/12 (t)) &3 Nin 2y Accidental events are subtracted by
= energy spectrum in 1200 - 1500 ns
13 €2N

Nip 2y = [ dt £,A,(t)Nps + 3y Contamination

=

in3y  After rejecting contamination

2017/06/06 Detection efficiencies are by Geant4 42



Less Pick-off by further

— . cooling of Ps in lower

-c% 0.02 | temperature

w —

E 0015 e A— :Iﬂ ...... 20.K.

8 " Decay from self three N
- gamma-rays annihilation

0.01 __gy ____________ —
. Normalize iregion to shfow Decaéy fro
0.005 ‘_numberofremalnedPs ________________ te.m.pie.rat.u e-dependent
" because decay rate A is Pick-off decay A,
- | constant as 7.04 um™ |
S U S

350 400 450 500 550
Energy (keV)

Acquired energy spectrum of annihilation
gamma-rays in 30 - 600 ns from Ps creation
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—=— This experiment
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Doppler Spectroscopy

= | %2/ ndf 3.105/4
E L Constant 0.118 £ 0.007273
n | Mean 0.3335 = 1.669
% 01 5 i Ps Temperature (K) 11.82 + 1.648
243 nm & 532 nm pulsed laser Q i
S 041f
L I
E(eV 0.05}
€Y wacum el :
OF
-0.76— 2p
1.7— -50 0 20
T Frequency (GHz)
Expected resonance curve for 10 K Ps
with 107 Ps in total, at t=300 ns
243 nm
-6.8 ]
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Arb.

~ =380 ns 7K (1) +
- t=380 ns 30% BEC (5t)
— t=450 ns

Velocity (km/s)
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AT T7ATILOZEFFE

N
o
o

150

Average pore size L (nm)

...........

4 |
L_—(@—1)R

3\p

Do “/'Jjﬂ'rlﬂl*i?@” J"_ (2.2 g/cm3)
R : D UDWHRFDRE (2.5 nm)

0.05 0.1 0.15 0.2 0.25 0.3
Aerogel density p (g/cm3)
Phys. Rev. A 52, 258 (1995)
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Figure 3. Temperature dependence of the Ps lifetime for cubical pores
in the RTE calculation. The mean free path, /, is related to the cube
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Figure 4. Ps lifetime vs temperature for a variety of mean free paths
using both 2D and 3D pores in the calculation.

Rectangular Tao-Eldrup model =RTE (J. Phys. Chem. B 2001, 105, 4657-4662)
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