Excitation of positronium by laser
for efficient cooling
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Our new idea to realize Ps-BEC

1. Positron focusing system
2. Ps converter/condenser/cooler
3. Ps laser cooling
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1. Many-stage
Brightness Enhancement System
Create dense positron bunch 3. Ps laser cooling

(use 1S-2P) 2." > Ps
Combine thermalization and laser cooling ~ converter/condenser/cooler

. Silica (SiO
to cool Ps down to 10 Kin 300 ns 2)
w00 K. Shu et al. J. Phys. B 49, 104001 (2016) !

Nano pores ®=50-100 nm




Key technology of laser Emargedm
Silica for Ps formation

cooling of Ps:
Exciting Ps to 2P state

Ps will be excited into 2P-state many times
during laser cooling

Interactions of 2P-state Ps with materials
are not well known.
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2P-Ps were reported to be
strongly atfected by material

Excited amounts to 2P-Ps were measured

against excitation laser wavelength

Ps in nano porous silica

L laser width
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D. B. Cassidy et al. PRL 106, 023401 (2011).

® Resonance frequency shifted
® Width narrowed
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. S. Cooper et al. PRB 97, 205302 (2018).

® Width broadened
® 2P-Ps decays in very short lifetime

Contradicting effects have been reported. These effects make laser cooling difficult.
We manufactured well-characterized silica cavity and observed 2P-Ps behavior.
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Exciting Ps to 2P state by shining
243 nm, 3 ns pulsed UV laser.

E(eV) 4Vacuum ,
““““““““““““““““ Jene, (2)
tPs:
—1.7— —~ —
: (1) Excite Ps to 2P state by shining
543 nm D S 243 nm UV laser.
3 ns pulse o

< Tps32ns  (2) If nothing special happens...
-6.8*| = » Psis de-excited to 1S state with
lifetime of 3.2 ns (Lyman-alpha).

Ps energy levels
(2’) If lifetime of 2P-Ps inside

pores is short as reported...
> Annihilation gamma-rays will be
increased.
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Experimental setup at KEK slow positron
facility (KEK-SPF) in Tsukuba, Japan

KEK-SPF B1 beamline

S L B
; Ta £ o~ |

Energy 5 keV

Highest Intensity | 10°e*/ pulse

Repetition 50 Hz
Time width 16 ns
Size DO ~10 mm

Operated in short pulse mode to synchronize with the pulse laser
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Experimental setup at KEK slow positron
facility (KEK-SPF) in Tsukuba, Japan

T Gamma-ray detector:
Positron LaBr3(Ce) scmtlllator
focusnng con

U pstrea m : RN

\ T\,
Ps formation target "L

(silica aerogel) = Positrons are focused to 4 mm

— c 0, , so that it matches the laser size.
oem larget stick

Vacuum chamber cross section
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We used silica aerogel as silica cavity.
Capped the surface of the aerogel by amorphous
silica thin film using plasma CVD.

Silica aerogel 0.1 g cm3

50 nm pores
0.5 mm thick

CVD thickness 75 nm

S O, .................. X2 / ndf 400.4 /366 |-
‘1 Prob 0.1042
: : ‘| O_const 2.276e+04 + 2.858e+02
Y S S | 1_life 129.9 £ 1.1 |
5 5 2_flatBG  0.0003403 + 11.2486916

e __________________ ______ r =129.9+11 ns

® Consistent with the lifetime
expected in 50 nm pores.
® High Ps formation fraction
(50% of stopped positrons)

> We obtain o-Ps in the pores as 0 100 200 300 400 500 600 700

expected. Time (ns)
Timing spectrum of bulk-PALS measurement
2019/11/01 using 22Na with t=1 mm silica aerogel 8
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: When o-Ps escaped ...

: annihilation gammas

Confining of Ps in pores was
observed by the blocking cap
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becomes less and less by

time

» PALS spectrum will be
distorted to pretend
that o-Ps has short
lifetime
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Counts - BG (/0.49548 ns)
o

PALS measurement by slow positron beam was conducted to confirm
Ps confinement in pores

v" By non-porous film,

succeeded in blocking
o- Ps from escapmg
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0-Ps were observed by delayed gamma-rays
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| i Beam response & detector response i contributions
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PMT signals made by annihilation gamma-rays
detected by LaBr;(Ce) scintillator (signal amplitude)
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2P-Ps decays into gamma-rays
immediately in silica aerogel
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2P-Ps decays into gamma-rays
immediately in silica aerogel

% = WITH laser (A) S 0.04 [
21 WITHOUT laser ® o | Signal(A) —signal(B)
(@ -
£ A2 o » ] 8002 Eidd
< 10 S zzzzzzzzzzzzzzzzzzzé %- _ Ps decreased :
102 i | E |
0 g\
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PMT signals made by annihilation ] 0 h1'0(') 200 3O%me (ig;)
gamma-rays detected by LaBr;(Ce) as-er S |n.|ng
scintillator (signal amplitude) Signal difference caused by

shining UV laser

Only UV laser of 300 wJ pulse induced Ps decay to gamma-rays.
Lifetime of 2P-Ps is short in silica aerogel.
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0.03

0.02

0.01

(Increased annihilations) / (Ps amount at laser timing) (arb.)
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Broad resonance (1 nm)
Lifetime or something else?

Preliminary
statistical

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

uncertainty

2P-Ps decay rate was scanned against UV laser wavelength

Broad resonance: 1 nm

- only

N B B B B
2425 243 243.5 244 2445
Wavelength (nm)

Resonance curve

cf.)
Natural width: 0.06 pm
Doppler broadening at 1 eV:

0.5 nm

e Equivalent lifetime is 30 fs
(< mean free time in the
silica pores ~0O(100 fs))

e Otherreason?
ex) Stark effect

(Prof. Saito)

Laser cooling of Ps in silica aerogel seems to be very difficult....
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Broad resonance (1 nm)
Lifetime or something else?
2P-Ps decay rate was scanned against UV laser wavelength

0.03

Broad resonance: 1 nm

cf.)
Natural width: 0.06 pm
Doppler broadening at 1 eV: 0.5 nm

0.02

* Equivalent lifetime is 30 fs
: (< mean free time in the
s /' Expected by \ silica pores ~0(100 fs))

[ | ) Doppler effect\' | « Other reason?

242 ) 243 243.5 244 244 5 ex)- Stark effec-t |
Wavelength (nm) (Discussed with Prof. Saito)

Resonance curve

0.01

(Increased annihilations) / (Ps amount at laser timing) (arb.)

Laser cooling of Ps in silica aerogel seems to be very difficult....
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Next steps

1. Mechanisms of annihilation and broadening will be studied
® Other porous silica
® Different materials. Tungsten, Zeolite, Zirconia, ...
® Anyidea?

2. The first Laser cooling of Ps in vacuum will be conducted to measure its efficiency
® Porous silica with open pores will be used

Porous silica with
@ open pores

2019/11/01 15




Next steps

1. Mechanisms of annihilation and broadening will be studied

® Other porous silica
® Different materials. Tungsten, Zeolite, Zirconia, ...

® Anyidea?
Tungsten with bubble structure

2019/11/01

Porous zirconia

Porous silica with
open pores
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Next steps

1. Mechanisms of annihilation and broadening will be studied
® Other porous silica
® Different materials. Tungsten, Zeolite, Zirconia, ...
® Anyidea?

2. The first Laser cooling of Ps in vacuum will be conducted to measure its efficiency
® Porous silica with open pores will be used

Porous silica with
@ open pores

2019/11/01 17




Ps - laser interaction regions
will be enlarged

Original UV laser
for cooling
~ 4dmm diameter

Porous silica with
@ open pores

I A

Highly reflective (98%) mirrors

® Ps will travel 50 mm during the laser cooling process
® UV laser will be reflected ~ 20 times

2019/11/01
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Ps will be confined in vertical
direction to the laser

Original UV laser
for cooling

Porous silica with
open pores

19



Ps will be confined in vertical
direction to the laser

Silica wafers

'

® Wafers will be separated for ~ 10 mm
to confine Ps in the laser shinning
region

® The distance ensures only 1S-Ps will
be reflected by the wafers
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Preparations are ongoing

Laser pulse energy

No laser
40 W

80 wJ
160
320 J

Phase space density (arb.)
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Velocity (m/s)

Laser reflector setup Expected velocity distributions

The first laser cooling will be conducted by 2020 Apr.
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Preparations are ongoing

Laser pulse energy

g No laser
> 40 pJ

% 80 wJ
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Laser reflector setup Expected velocity distributions

The first laser cooling will be conducted by 2020 Apr.
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Preparations are ongoing

Laser pulse energy

No laser
N T P 4o
t Y, [eow
‘B Will be narrowed Al 5 160 pJ
by laser cooling f{If 320
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Expected velocity distributions

Laser reflector setup

The first laser cooling will be conducted by 2020 Apr.
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Summary

1. 2P-Ps annihilates into gamma-rays

Fitted with

|mmed|ately in > 0.04 Frns o e T— Breit-Wigner function 3

silica aerogel | % Signal(A) ~signal(B) | 003 [ f

pores. Studies £°%[ | tiiccened | ool /X
on annihilation |/ ! 1 - ( statistica j :
and broadening ; T N <oy
are planned. Laosersh:g?ng 200 30%me (;‘2? 0 s Léz;,é“z«tgsl a4 4*2‘4:{5

Wavelength (nm)

Signal difference caused by
Resonance curve

shining UV laser

2. Pslaser cooling in vacuum will
be conducted with enhancing
laser - Ps interactions. In order
to realize Ps-BEC, we wiill
develop new silica cavity
without 2P-Ps decay and apply

laser cooling tested in vacuum. - '
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