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Positronium (Ps) is a good
probe for fundamental physics

Electron
Positron X

Bound state of an electron (e) / ;

and a positron (e*) t
Lightest and Exotic Atom
v’ Exotic atom with antiparticle
» Good for exploring the mystery of antimatter
v’ Pure leptonic system
» Experiments and theoretical calculations can
be compared in high precision without
uncertainties of hadronic interactions.
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Next target
Positronium Bose-Einstein condensation

Bose-Einstein condensation (BEC)

» Almost all of atoms in a cloud
occupy a single quantum state

» Atoms must be dense and cold

T,

e Nobel prize
Spatial image of dense rubidium-87
around T_ (critical temperature) of BEC
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Important feature

® BECis “Atom laser”

® (Quiet and coherent: Microscopic
guantum effect in macroscopic
such as matter-wave interference

® Breakthrough to study
microscopic world

Before release
trapped by double-well

After release
expand to overlap

Science 275, 637 (1997) T 5



Applications of Ps-BEC

1. Measure anti-matter gravity 2. 511 keV gamma-ray laser
by atom-interferometer
Intensity of Ps blinks by changing

Orthopositronium

K + 203 GHz

path length /9 L
Parapositronium
Slow? #
Run away?

/ Physyags.u A 92, 023820 (2015)
 0-Ps BEC to p-Ps by 203 GHz RF
* Deceleration by gravity shift * p-Ps BEC collectively decays into
phase of Ps in different paths coherent 511 keV gamma-rays
« Path length 20 cm to see gravity I High-resolution imaging with x10
effects with weak-equivalent shorter wavelength than current

principle Phys. stat. sol. 4, 3419 (2007 Xerays
vs. stat. sol. 4, 3419 (2007) I Macroscopic entanglement
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The challenge:
Dense and cold Ps in a short time

Conditions to realize Ps-BEC

® High density S 1ol
€10 °F

® Low temperature S10'81
» ForPs, T< 10K at > F
n> 10 cm3 %1015:_

@ Critical temperature (T,) is % -
very high due to Ps light 210"
mass, but Ps annihilation S Y

life time is 10°

only 142 ns (o-Ps) BEC phase

Necessary technigues 10° above the lines
1. Instance (around 10 ns)

creation of dense Ps 10° S
2. Fast cooling of Ps to 10 K 10" 107 10~ 10~ 107 1010

. ) temperature (K
in a short time of ~100 ns p (K)
* . S. Mariazzi et al. Phys. Rev. Lett. 104, 243401 (2010)

2018/03/15 * . D. Cassidy et al. physica status solidi 4, 3419 (2007)



Method to realize Ps-BEC

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

First Step for Ps-BEC:
Create dense positrons and convert into dense Ps at once

Internal void = trap cavity
~75nm X 75 nm X 75 nm

» 108 polarized positrons in 1700 Ps
nanoseconds bunch at ~keV energy created
/ ny=4x10"%cm?

Positron
Accumulator

\‘, Ps )

Magnified view

"

Inject into a silica (SiO,) material

with sub-pum beam waist by focusing ~ Silica as Ps converter
~50% prob.

> 10° positron accumulation was achieved elsewhere. We are
studying new focusing system to achieve sub-um beam waist.

2018/03/15 8




Positron focusing by repeating brightness
enhancement for several times

State-of-the-art: a few um waist - sub-pm waist for BEC

Principle of Positron focusing:
-— s == == == == == == _(Continue this process

Focusing lens I for several stages

bunched e* beam
e Pararell

Re-moderator :
I e Monochromatic Energy

L e e e e - = = -

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

Problems to be solved : Space charge (beam),

Discharge, charging up, heating up (target)
— Basic study is ongoing. Measurement of beam-density
dependence on target using bunched positron beam is important!
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Second step for Ps-BEC:
Ps Cooling
1. Thermalization process

Cold Silica< 10K

e

/

1st cooling

By collisions with cold silica cavity wall
= Thermalization process

No measurement of Ps
thermalization process in
cryogenic environment

—> We have measured it
for the first time.

10



Pick-off annihilation rate is used to
measure Ps thermalization process

Pick-off 2y annihilation
* A positronin Ps and
an electron in silica

by collisions 0-Ps
* 511keV %

mono energy Velocity v ‘-‘.-'“\ 3y self annihilation
0-Ps« Both a positron
and an electron

Pick-off annihilation rate A,xncov

, e _ are in Ps
1. Density of electrons in silica particle N
, _ T e 0~ 511 keV
o: Cross section of Pick-off annihilation .
continuous

— By measuring 72 vs Ps life, temperature
evolution of Ps can be measured

2018/03/15 11
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Experimental Setup

?’Na radioisotope

Thin (0.2 mm)
plastic scintillator

WY LaBr;(Ce)
| Scintillator

vac., Fast decay constant : 20 ns
---------- * Good energy resolution :
Cold stage 4% at 511 keV (FWHM)

Silica aerogel : porous material made by silica
to trap and thermalize Ps
Density: 0.11 g cm=3 - Mean free path L =38 nm

12



Photos

T I T T
;

2§ WAV
Y LN GM 4K cryocooler

Heater:
Tunable in
25 ~ 295 K

Bulk of Silica
aerogel

(Ollgcm3)|

| Springs to ensure P28
thermal coupling
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LaBr,
scintillator

SEM image of used silica aerogel

® Ps formed inside pores are cooled
by collisions with pore walls.

® Pstemperature can be estimated
by pick-off annihilation rate.

13
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Energy information is used to
identify 2y / 3y annihilations

Less Pick-off by
- further cooling of Ps in

'é 0.02 | lower temperature ......... 295 K.
2 o : 210 K
12 : !
S 0.015 [ e gl o | ;]25K
S . Decay from self 3y :
0.01 __ .an nlhllation -
C o Agls constant
- (7 04 um 1)
0,005 | R R R~~~k

0 T B R TR
350 400 450 500 550
30 - 600 ns from Ps formation

Energy (keV)

Decays from

| temperature-

dependent
Pick-off 2y
annihilation
7\‘2
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Deduction of Pick-off annihilation

S

off 2y/Self 3y < . ﬂ\\Geanﬂ

. = 60000 ATotal-~
Pick-off 2y : 511 keV peak £ i
> .

<53 zl()()()() :_Nn“.n“n““n“NNNNNNNH;UNNNNNHNUNNNNNE ........... : ..................... % .....

* Define energy regions - L 1l Geanta
to enhance eaCh 20000 __ ........... | | PICk-Off
annihilation event |

() | PR SRS RICRAY Wit e asass asctnsesnces e S i AR
* Detection efficiencies and 350 400 450 500 - 550
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rate using MC simulation

Use difference between 2y Pick-off region

energy spectra of Pick-

. . . Energy (keV)
contamination fractions are

estimated by Geant4 Monte
Carlo simulation.

Recorded energy spectrum
(Ps life 30 - 300 ns)
Accidental events are
subtracted using energy 15
spectrum in 1200 - 1500 ns



Ps thermalization down to
100 K was observed.

Thermalization curves of Ps in
various silica temperature

m : _|
é 0 “I 5 ................................. o - 295K e
A, . =210k |
T Preliminary |. 3o -

|+25K

0.05

" y2/ndf = 152/(134-4)
0 . . . I

0 200

® Thermalization into cryogenic

400

500
400
300
200

100

—0
600
Time (ns)

temperature was clearly observed
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Ps temperature (K)

Conversion from pick-off rate to

temperature by RTE model.
(T. L. Dull et al., J. Phys. Chem. B
105, 4657 (2001).)

Fitted by the elastic-
scattering model (Y. Nagashima
et al., PRA 52, 258 (1995)) with
energy-dependent

M (silica effective mass)

dE 2 3
T 5 M
2F
v =
VmPS

16



Ps thermalization slows down
at lower Ps kinetic energy

dFE 2 3
— 104 Tp;,= 100:1( | T:Ps:= 500.( _ E = —m QW?,pSE (E — 5/{31)
E E R —e— Nagashima(1995) ACAR
Gi 2><1 03 —BF— Saito(2013) 2¢/3y
E 1 03 = -w{ —¢— Chang(1987) DBS
0 E —¢— Nagashima(1998) ACAR
7)) :
T 2,102 po = 10.6 u
% 10° & p; =33 ueV
% p, = 0.73 ueV?
o 20°f
0 10 £ ¥2/ndf = 152/130
S 5BEL L
Z 107 10°"

1
Ps kinetic energy (eV)

® Consistent with older experiments at high temperatures.
® Thermalization can cool Ps down to 100 K, but not enough

for Ps-BEC. Next cooling: Laser cooling down to 10 K.
2018/03/15 17




Second step for Ps-BEC:

AN

Ps Cooling
2. Laser cooling

2nd cooling

Irradiate 243 nm UV laser to cool
Ps down to 10 K

Use 1S-2P transitions

Silica is transparent in UV

A\

) I 4

243 nm UV laser

18
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Ps laser cooling

T (K)
Ps temperature(No Iaser)
T — ............................... P.s,,temperature (Laser. coolmg)
- """""" T of EBEC (No laser)
i """""" T of ;BEC (Laser cooIir§1g)
102 E_ ....................................... ....................................................................................
] L ——
- Prel/mlnary ............
1 1 1 1 | | 1 | | | 1 | ] o
0] 200 400 600
TIME (ns)

MC simulation
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Ps laser cooling

T (K) MC simulation

10°

—_— P W N

Below T,

=—ter)

Ps temperature (No laser)

.......................................... E..,..,...,.,,....,.,,...,.,....Ps,,tergn.p.erature.(.Las,e.r..cf,ool.i.ng)

cooﬁﬁg)

1O2§_ ........................... >PS_BEC possible

=

10 N S Lt PN el S

600

TIME (ns)
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Requirements for Cooling Laser
1. Long pulse width

First laser cooling of Ps (antimatter systems)
For Ps (light, short lifetime), several special features are necessary

» Cooling of Ps takes around 300 ns
(~ Ps lifetime when 1S-2P transitions are saturated)

e* injection
e & Ps conversion
S 1 |
S i
208
C B Cool Ps for 300 ns
L 0.6
_'_) -
.E B M
§ 0.4 - Pulse width
% 02

| i | | | |

400 600
Time (ns)

O - I I I I I
-200 0 200
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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 the wide Doppler width.

| Resonant Cooling laser
= 2 E should cover this
< b < . . :
At 300 K 3 wide linewidth
- Wide | /Also Wide
/S L 1x10° 3 A B BV N
0 50 100 150 200 243  243.05 2431 24315 2432

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

2018/03/15 22



Requirements for Cooling Laser
3. Fast frequency chirp

» Resonant wavelength shifts as Ps atoms get cold.
Fast frequency chirp of pulsed laser has never been achieved

Resonant I -
s g F Laser wavelengt
< t At 50 K < [ :
- - should be also shifted
3 - according to cooling
- Largely shift by -
2 cooling s
] At 300 K -
AR A P o x10° A L~ L
0 50 100 150 200 243  243.05 2431 24315 2432

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

Pulse width 300 ns CW or Pulse with 10ns or 100 fs
Linewidth 28 pm <2pmor>10nm
Wavelength shift 12 pmin 300 ns No example in my knowledge

® Even though laser optics are deeply developed, many features
required for Ps cooling are special.

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

2018/03/15
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Special home-made laser system

0 steps to make Ps cooling laser:
(1Seeding (729 nm)—2Wavelength modulation—>@)Pulsing—
@Amplification—B)Third Harmonic Generation

(2Wavelength modulation
(broaden linewidth*

@Pulsing (long pulse width)

wavelength chirp)  fe—__/Fisapohire(1) 1) £ 532 nm Nd:YAG
. ! [~—— TiSapphire(1) oo Locer (1)
(1DSeeding

@Multi-pass
amplifier

532nm Nd:YAG
g % Pulse Laser (2)

729 nm
SHG (LBO) I 365 nm | THG (BBO) 40uJ

(B)Third Harmonic Generation

2018/03/15 25



Special home-made laser system

0 steps to make Ps cooling laser:
(1Seeding (729 nm)—2Wavelength modulation—>@)Pulsing—
@Amplification—B)Third Harmonic Generation

2Wavelength modul
(broaden linewidth*

@Pulsing (long pulse width)

wavelength chirp)
(1DSeeding \

532 nm Nd:YAG
Pulse Laser (1)

Viulti—pass
amplifier

532nm Nd:YAG
g % Pulse Laser (2)

729 nm
SHG (LBO) I 365 nm | THG (BBO) 40uJ

(B)Third Harmonic Generation
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Ps cooling laser @ Pulsing:

Prototype Ti:Sapphire cavity provides 2 Js
oulses

e " A

— 1.6
. Z ab 8.7u/pulse
* Cavity length = 3.8 m long. D 12k
: <
* Only 1.4% round-trip loss. 'g 05k
: : > o6k
* Wavelength-selective mirror o gj
o 04E
makes 729 nm lights resonate. 021~ w
O [ Wit
Acrylic box to suppress Y T
Piezo controls . disturbance | I Time [ 5]
cavity length | — — | /29 nm

¥ pulses

>
SR o . e e - ¥ | ) Seed
SR |aser

------

532 nm pump
“ laser

— e ———

NM“*N—._L

201% — —




Ps laser cooling experiment will be
performed at KEK-SPF (Slow Positron
Facility) (within 2 years).

* Highest intensity (5x107 slow e*/s)
e Variable energy (0.1-35 keV)

Samples and detectors are
electrically grounded.

Slow-positron
production unit

(0.1-35kV)

@
Slow-positron production
Unit (0.1 - 35 kV)

2018/03/15



Testing silica targets and y-ray detectors

v-ray detectors Nd:YAG laser SSPALS

LaBr;(Ce) / Plastic (not yet in (Single-Shot Positron Annihilation
scintillators + PMT  operation) Lifetime Spectroscopy) data obtained
by LaBr;(Ce) scintillator

E..=5 keV, 16 ns pulse, 50 Hz, 10 min.
We have tested if silica aerogel can
be used for Ps mass-producer.

f\ Preliminary

ilica aerogel
/ Ps generator

Kapton (as a background) ]
=No Ps

v -cAu-A-AAJ)
I »

SIGNAL HEIGHT (V
) =)
I

—
S \
&
TTTIT T TTTTT1 T T TTTT T
.. TR

Beam test

S|I|Ca targets _4T i’!q-‘f’; L. ‘:!‘!11:“ .’;;ﬂ.e‘- t u i
inside ° @KEK-SPF 107200 0200 0. o0
(6-9/3) -ray detection system will be
Y

improved for next measurement.
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Summary

Ps-BEC is a good candidate for the first BEC with antimatter, which
has rich potentials on both fundamental and application physics.

® A new method has been proposed using dense positrons and

cooling by the thermalization process and laser cooling.

Developments of creating dense, focused positrons is under study.

Ps Thermalization process in cryogenic environment has been
measured for the first time. The result indicates that it is efficient
enough to realize BEC if it is combined with laser cooling.

Cooling laser for Ps requires very special optics, so new system is
currently under development. Prototype 2-us-long 729-nm pulse
laser has been confirmed to be possible.

We plan to perform Ps laser cooling firstly at KEK-SPF within 2
years and then go to BEC!

2018/03/15
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