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Positronium (Ps)

Two ground states:

Parapositronium (p-Ps) Orthopositronium (o-Ps) triplet
singlet spin state 1S, spin state 35S,

|17 1> =17 )
10,0) = (T] — J,T)/\/§ } s =0 (singlet) 11,00 = (1L + 11)/v2 ¢ s=1 (triplet)
|17 _1> =1l /
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Positronium (Ps)

Two ground states:

Parapositronium (p-Ps)
singlet spin state 1S,

00'So) = ab, 0| Wa0)* = 5 =

Pirenne and Wheeler in 1946

[1= T =125 ps (in vacuum)
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spin state 35S,
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Two ground states:
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k|=lk |=511keV | 0<l|k|<511keV

1 mc

Orthopositronium (o-Ps) triplet
spin state 35S,

FOes) = o (2 —9) "5

Ore and Powell in 1949

1= T =142 ns (in vacuum)



Ps Energy levels Positronium 15-25S transition

3S 3P 3D

2°S, 11ps 2P 32ns
'y

2 photons transition:

A=486 nm

t Natural linewidth:
1.2 MHz

3G 142 ns
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Positronium 1S-2S transition

Ps Energy levels

n
4y —_— [T
3 38 3P 3D Theory:
d —e—— h
v =1233607222.2(6 ) MHz
2331 1.1us 2P 3.2 ns K. Pachucki and S. G. Karshenboim,
2 'y b X | Phys. Rev. A60, 2792 (1999),
| . ' K. Melnikov and A. Yelkhovsky,
A=486 nm Theory
1233 607 200 1233 607 220 1233607 240
Natural linewidth: Positronium 1s - 2s interval [MHz]
ﬁ .
1.2 MRz Experiments: v =1233607216.4(3.2) MHz
M. S. Fee et al., Phys. Rev. Lett. 70, 1397 (1993)
b
v'=1233607218.9(10.7 ) MHz
3S 142 ns S. Chu, A. P. Mills, Jr. and J. Hall, Phys. Rev. Lett. 52, 1689 (1984)
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Positronium 1S-2S transition

Ps Energy levels

3S 3P 3D Theory:
d —e—— h
v =1233607222.2(6 ) MHz
2331 1.1us 2P 3.2 ns K. Pachucki and S. G. Karshenboim,
'y b X | Phys. Rev. A60, 2792 (1999),
. K. Melnikov and A. Yelkhovsky,
2 phOtOnS trans'tlon Phys. Lett. B458, 143 (1999).
A=486 nm Theory
1233 607 200 1233 607 220 1233607 240
Natural linewidth: Positronium 1s - 2s interval [MHz]
ﬁ .
1.2 MRz Experiments:  v'=1233607216.4(3.2) MHz
M. S. Fee et al., Phys. Rev. Lett. 70, 1397 (1993)
b
v'=1233607218.9(10.7 ) MHz
3§ 142 ns S. Chu, A. P. Mills, Jr. and J. Hall, Phys. Rev. Lett. 52, 1689 (1984)
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Measurement of 1S-2S of Ps at a level about 5x101° => check QED calculations at the order

a’m and provide best determination of m_/m_.
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Various contributions to the energy levels

Hydrogen like vs Ps

Contribution

Hydrogen-like electronic atom

Positronium

Schrédinger contributions
e With M = o0
e With mp (correction)
Relativistic corrections
e Dirac equation
e Two-body effects
Quantum electrodynamics
e Self-energy
e Radiative width
e Vacuum polarization
e Annihilation
—Virtual
—Real
Nuclear effects
e Magnetic moment (HEFS)

e Charge distribution

1
m/M

(Zo)?
(Zoc)zm./M

w(Zx)? In(Za)
(Zo)?
oc(Zoc)2

(Zoc)zm /M
or a(Zoym/myp
(ZOCmCRN/fi)Z
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Various contributions to the energy levels

Hydrogen like vs Ps

Contribution Hydrogen-like electronic atom Positrontum
Schrédinger contributions
e With M = o0 1 1
e With mp (correction) m/M @
Relativistic corrections
e Dirac equation (Z 04)2 o2
e Two-body effects (Z oc)zm /M @
Quantum electrodynamics
e Self-energy oc(Zoc)2 In(Zx) %3 Ino
e Radiative width w(Zo)? o
e Vacuum polarization x(Z o<)2 53
e Annihilation
—Virtual — 52
—Real — 53
Nuclear effects
e Magnetic moment (HEFS) (Z oc)zm /M @
or a(Zoym/myp
e Charge distribution (Zame Ry /H)? —
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Various contributions to the energy levels

Hydrogen like vs Ps

Contribution Hydrogen-like electronic atom Positrontum
Schrodinger contributions
e With M = o0 1 1
e With mp (correction) m/M @
Relativistic corrections
e Dirac equation (Z 94)2 o2
e Two-body effects (Z oc)zm /M @
Quantum electrodynamics
e Self-energy oc(Zoc)z In(Zx) %3 Ino
e Radiative width A(Z o) o3
e Vacuum polarization w(Z ) o3
e Annihilation
—Virtual —
—Real —
Nuclear effects
e Magnetic moment (HEFS) (_Zoc)zm/M @
or a(Zoym/myp
e Charge distribution (Zame Ry /H)? @
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Leptonic atoms free of nuclear size effects!




Gravitational Redshift

ground state excited state transition frequency
A | E=my?+ mygh E = (my+Am) (c2 + gh) hv, = Am(c2+gh)
h
E = myc? E = (mg+Am)c? hvy = Amc?

S. G. Karshenboim, Astr. Lett. 35, 663 (2009).
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Gravitational Redshift

ground state excited state transition frequency
A | E=my?+ mygh E = (mg+Am) (c2 + gh) hv, = Am(c2+gh)
h
E = myc? E = (mg+Am)c? hvy = Amc?
=) Av_ AU
_ |
2 102 - Travelling clock”
VO & Mossbauert
108
S
310—4 = -
9 105 Bloch oscillations22 (this analysis) H-maser®
= 0
% 10-¢ 4 Bloch oscillations2? (this analysis)
('
107
108 -

Cs interferometer® 10 (this analysis)

107 10= 103 101 101 103 105 107
Distance (m)

Muller, Peters, Chu, Nature 463, 08776 (2010)
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Gravitational Redshift

ground state excited state transition frequency
A | E=my?+ mygh E = (my+Am) (c2 + gh) hv, = Am(c2+gh)
h
E = myc? E = (mg+Am)c? hvy = Amc?
jl> & o & S. G. Karshenboim, Astr. Lett. 35, 663 (2009).
140 - (32

* Assuming antigravity:

Flo @ IF

~el @@ @

( (1 -+ U“);E("O)) for H
) = g X 1 for Ps

— ) for H or Mu
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ground state

A E = myc? + mygh

Gravitational Redshift

h
E = myc?
i W
140

AU

2

e Variation in the earth orbit around the sun : 5x10° km.

excited state

E = (mg+Am) (c? + gh)

E = (my+Am)c?

transition frequency

hvy, = Am(c?+gh)

hvy, = Amc?

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

AU(’T‘maX) — AUv(rrmin)

~32x%x 101V

()

2

@, Perihelion Aphelion )
ﬁ) 147,103 600 km 152,095,700 kam @

Measurement of 1S-2S Ps, Mu or HBar at a level about 1x10-1° => sensitivity

to check the shift of antigravity.

Paolo Crivelli
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New measurement ongoing @ ETH

P. Crivelli (ETHZ), D. Cooke (ETHZ), S. Friedreich (ETHZ), A. Rubbia (ETHZ), A. Antognini (ETHZ), K. Kirch (ETHZ/PSI),
J. Alnis (MPQ),T. W. Haensch (MPQ), B. Brown (Marquette)

new lab (01/2012) @ ETHZ

Positron beam and
w=y| gamma detectors

|

r{'-:.'

I s

| Laser : . £ ™

- : electronics : - .

P b Enhancement

Project supported by the SNSF Ambizione grant <A cavity

(PZOOP2_132059) and by ETH

(Research Grant ETH-47 12-1) Laser system for generation of
486 nm light

- ., .V - ] 5
SR L aser 486 nm : '

/
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ETHZ slow positron beam

Positron source (7OMBq) [l &
and Ne moderator Ui S

Production of positronium in vacuum requires slow positrons
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Definition of tO (positron on target)

T \.1'~ ! ;‘ |
s 24

=y ’; g —

(1 \ v s 4 :L . .

f" A(,MMA'? '/»” Positronium
|/ £

150000 e*/s, transport at 200 eV 7 £ €= my| formation region
7 Acceleratlon 1-20 keV Uy

h.

Positron source (70MBQ) 8 |
and Ne moderator 7iN=8

Secondary electron tagging system
with a micro-channel plate:
-> definition of time t,
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e+

Positronium formation

Porous Silica thin film ~1000nm 3-4 nm pore size

Vacuum

Positron implanted with keV energies
Rapidly thermalizes in the bulk (~ps)
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e+

Positronium formation

g Porous Silica thin film ~1000nm 3-4 nm pore size

Vacuum

L L

08080
SO0

500089

Positron implanted with keV energies
Rapidly thermalizes in the bulk (~ps)

Positron diffusion and annihilation
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Positronium formation

g Porous Silica thin film ~1000nm 3-4 nm pore size

Positron implanted with keV energies

et Rapidly thermalizes in the bulk (~ps)

Positron diffusion and annihilation

+ L .
€ Positronium formation (1/4 pPs, 3/4 oPs)

In SIO, by capturing 1 ionized electron

Diffusion to the pore surface and emission
in the pores:

W, =l + E;-6.8eV=-1eV
Thermalization via collisions and

diffusion in interconnected pore network

e+

Vacuum
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e+

Positronium formation

g Porous Silica thin film ~1000nm 3-4 nm pore size

e+

e+

Vacuum

Positron implanted with keV energies
Rapidly thermalizes in the bulk (~ps)

Positron diffusion and annihilation

Positronium formation (1/4 pPs, 3/4 oPs)
In SIO, by capturing 1 ionized electron

Diffusion to the pore surface and emission
in the pores:

W, =l + E;-6.8eV=-1eV
Thermalization via collisions and

diffusion in interconnected pore network

30% of the incident positrons are converted in positronium

emitted into vacuum with 40 meV.

Paolo Crivelli

P. Crivelli et al., Phys. Rev. A. 81, 052703 (2010)




Ps detection

Gamma detectors

Gamma detectors

e* from the beam
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Ps detection

Gamma detectors

Gamma detectors

Secondary e
-~ START time
for detectors
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Ps detection

Gamma detectors

Gamma detectors

Paolo Crivelli




Ps detection

Gamma detectors
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Positron annihilation lifetime spectra- PALS

0 F
g I
LI}.I I tit
i Constant: A= 4730.7
Lifetime: t = (142.8326 + 0.5108) ns
10% i Background: B= 270.2
10°
r
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Positron annihilation lifetime spectra- PALS
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TOF measurement of Ps energy

Beam pipe with solenold

100

Jample holder 1-11 KY

-

BGO Deflection plates +/- 200V E
Heater

— /4 u-f- I:I L‘_jMMﬂJ__ E"‘M

Cold finger

Colils

Cryocooler expandser

Lead collimator

TOF lead
collimator +
gamma detector
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TOF measurement of Ps energy

O
S|  sample holder 1-11 kv 2000p
. ~ TOF spectra F127-TEOS 300K
c
3 0.7 keV
‘ Heater > 1500
L
—- s Wwlw 0000 | 1 keV
v =
T U 4 keV
1
N =fk Tof000H; f oW [T
gy = 1
SV =i Y
U T K
_9.)_‘ ~
RS o
- B ||E":f".-"Pl' iy
Cold finger O 3 [
O_I | | | | | | | | | 1 | | 1 | | | | | !
0 100 200 300 400 500 600

Cryocooler expandser

Time [ns]

TOF lead
collimator +
gamma detector
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TOF measurement of Ps energy

-
| sample holder 1-11 ki i -
Y i :
1.5 01
Heater » N gm
* hg : |: 005-_ /ﬁh
& =10 3nm ~ ©
2 A N T S S S T
— s — _ - LU B
+ == T
05 B —O— F127-TEOQS 300K
C I --1-- CTACI-TEOS 300K
Cold finger B
0_ ] ] ] \ “:“-‘ I < ! ] @ I E I E"."E"u"m ]
Cryocooler expandser 0 2 4 6 8 10

Implantation energy [keV]

TOF lead
collimator +
gamma detector
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Measurement of Ps energy

> 014
2, B
3 012 B F127-TEOS a=4.1nm
g -
@ B ¥  CTACI-TEOS a=3.3 nm
§ 01—
) L
g L
(7] -
Q 008 ¥ L_'_’_r//qf/
o = % ¥
. I !
0.06— M
0.04—
*_I\Il I\‘\\II‘\\Illll\Illll\‘\\ll‘\\llll\\ll
50 100 150 200 250 300 350 400 450

Thermal energy
30 meV

Sample Temperature [K]
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Measurement of Ps energy

N 0.147
° i ~ i 2, -
Ps de Broglie wavelength ~ pore size N . 127 TEOS add
-> Ps in the pores has to be treated QM s
® B ¥  CTACI-TEOS a=3.3 nm
: : g o1
* Ps as a patrticle in a box s |
Q 008
| dZ(a | dZ(b) | dZ(c Sk S ’——F’i’//ff"/
() =k7* (s T 2 ) — I
Z(@) dT ~ Z((b) dT  Z(c) dT 008
. - . ‘ —=—
Z is the partition function defined as 0.04]
i - I5|0I - ‘1C‘10‘ - I‘I":‘SO‘ - I2(|JOI - I2|50I - ‘3C‘10‘ - I3’:‘30‘ - I4(|JOI - I4|50
= _ il r Thermal energy Sample Temperature [K]
Z(a) =) e st/ 30 meV
n=1
h? . "9
* Ground state energy  Eps = S 0.8eV(1nm/d)
A
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Measurement of Ps energy

N 0.147
* Ps de Broglie wavelength ~ pore size s f . 27TEOS et
-> Ps in the pores has to be treated QM g L
) B ¥  CTACI-TEOS a=3.3 nm
o g o
* Ps as a patrticle in a box s |
Q. 0.08—
| dZa | dZ(b) | dZ(c Sk LM ’——F’i’//ff"/
(H) = kT? @ 2 4 ! 3 I
Zla) dT Z(b) dT Zic) dT 0.06—
. - . ‘ ——+
Z is the partition function defined as 0.04]
i - I5|0 I ‘160‘ - I‘I":‘SO‘ - I2(|JOI - I2|50I - ‘3C‘10‘ - |3’:‘30‘ - I4(|JOI — I4|50
i _ﬁf_l_ kT Thermal energy Sample Temperature [K]
Z(g)= ) e =", 30 meV
n=1
h?

« Ground state energy  Eps = ~ 0.8eV(1nm/d)?

2m d2

Colder Ps from silica?
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Measurement of Ps energy

N 0.147
* Ps de Broglie wavelength ~ pore size s f . 27TEOS et
-> Ps in the pores has to be treated QM g L
® B ¥  CTACI-TEOS a=3.3 nm
: : g o1
* Ps as a patrticle in a box s |
Q 008
(1 dzZ@ 1 dzb) 1 dZ(c) s Tk LM t—F
(H) = kT = + - Y
Z(@) dT ~ Z((b) dT  Z(c) dT 008
‘ —=—
Z is the partition function defined as 0.04]
i - I5|0 I ‘1C‘10‘ - I*I":‘SO‘ - I2(|JOI - I2|50I - ‘SC‘IO‘ - I3’:‘SO‘ - I4(|JOI - I4|50
i _ﬁf_l_ kT Thermal energy Sample Temperature [K]
@)=} ¢t , 30 meV
n=1
h?

« Ground state energy  Eps = ~ 0.8eV(1nm/d)?

2m d2

Colder Ps from silica?

- In principle yes: larger pores 8-10 nm confinement energy ~50-100K,
(for muonium we could get aoms at 100 K with 4 nm pores since A, .. IS much smaller)

A. Antognini et al., PRL 108, 143401 (2010)
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Measurement of Ps energy

=
* Ps de Broglie wavelength ~ pore size %
-> Ps in the pores has to be treated QM S
0]
=y
* Ps as a particle in a box :
Q
N | dZ(b) L dzm}) S

Z(a) dT  Z(b) dT  Z(c) dT

(H) = kT ( I dZ(a)

Z is the partition function defined as

o0
Zia) =

n=1

=
h-n=

hoe kT

e T Bmat !

* Ground state energy

EF’E—; =

o
~

0.12

0.1

0.08

v

F127-TEOS a=4.1 nm

CTACI-TEOS a=3.3 nm

0.06

-

0.04

Thermal energy
30 meV

B2
2m d2

Y

9]
o

100

~ 0.8eV(1nm/d)?

150 200 250 300 350 400 450

Sample Temperature [K]

Colder Ps from silica?

- In principle yes: larger pores 8-10 nm confinement energy ~50-100K,
(for muonium we could get atoms at 100 K with 4 nm pores since A

deBrogiie 1S much smaller)

A. Antognini et al., PRL 108, 143401 (2010)

- In practice: not easy to find the right recipe...work in progress.

Paolo Crivelli
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The laser system

Requirements:
High power (~kW) at 486 nm -> detectable signal

Long term stability (continuous data taking ~days)
Scanning of the laser = 100 MHz

Paolo Crivelli 12



The laser system

486/488 nm TOPTICA !
LASER —|aser _

Tapered
Amplifier
2.4W

e -7 f’i
) 3 2 o
i e ) M

SHG cavity with A == k4

Requirements:
High power (~kW) at 486 nm -> detectable signal

Long term stability (continuous data taking ~days)
Scanning of the laser = 100 MHz

Incoming
laser beam

LBO crystal

b o Light at 486/488 nm  [g
, ) /= s 750mW, 200kHz
‘ Z —
>~ =
.
o Space for a 2nd SHG cavity for
" “ light generation @ 244 nm for

Mu spectroscopy

° 9

@'

Paolo Crivelli 12
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The laser system

486/488 nm TOPTICA !
LASER —|aser _

B = A . % — = )
Tapered ° /
Amplifier

24 W

® ks &
"2 N B
' ‘E & o ’ A -

Requirements:
High power (~kW) at 486 nm -> detectable signal

Long term stability (continuous data taking ~days)
Scanning of the laser = 100 MHz

SHG cavity with W -
LBO crystal

Light at 486/488 nm ¢

B 025 o

4.

\ Space for a 2nd SHG cavity for

light generation @ 244 nm for
Mu spectroscopy

Paolo Crivelli 12

Incoming e+ beam
laser beam oPs
L4 x
\
Ps target Vacuum 10°mBar
/
/
Mirror 1 mounted in double piezo-actuator Mirror 2

High finesse resonator for power build up
400 mW —=> 0.5 kW




The laser system

486/488 nm TOPTICA !
LASER —|aser _

£ > e 4
m & £
2

Tapered
Amplifier
2.4W

® ks &
"2 N B
' ‘E & o ’ A -

ko

Requirements:
High power (~kW) at 486 nm -> detectable signal

Long term stability (continuous data taking ~days)
Scanning of the laser = 100 MHz

SHG cavity with W -
LBO crystal

Light at 486/488 nm ¢

B 025 o

4.

\ Space for a 2nd SHG cavity for

light generation @ 244 nm for
Mu spectroscopy

Incoming e+ beam
laser beam oPs
L4 x
\
Ps target Vacuum 10°mBar
/
/
Mirror 1 mounted in double piezo-actuator Mirror 2

High finesse resonator for power build up
400 mW —=> 0.5 kW

—

Cavity linewidth few kHz -> laser need to be stabilized to the same level.

Paolo Crivelli 12



Built at ETHZ in collaboration Stabilization B the 972 Nnm FP

with MPQ (group Prof. T. Haesch)

‘ - = . 72 , R 99.99% (Layertec)
— 1 (IR A F = 31000
g ool | - 1O ” FSR = 1.5 GHz
0 Pl b Linewidth 48 kHz

mirror

ULE spacer

Thermal shields 4

Peltier elements -t .

Double pass AOM
-> +200 MHz @ 486 nm

972 nm output
(5 mW)

Vacuum flange

Charachterization:

- Long term drift against Te2
(T not yet optimized) <1 MHz/day

- Short term ~ kHz (efficient incoupling
to FP 486 nm)

Paolo Crivelli 13



The enhancement cavity @ 486 nm

Laser 486 nm &

o 2 -
- Np J A N =
S a9

5 DY 2.3225¢e-7

_ @ _1.8263¢-7
= EOM -5.9751e-7
A . ——h _1.0124e-6
= > -14273e-6

R BE s -1.8422¢-6 Min

Hole for positron

Suspension System

T1=T2=7 ppm
Al=A2=7 ppm
FSR= 0.55 GHz
Linewidth = 2.5 kHz
Finesse ~ 225000
Incoupling 24%

*Ultra-low-loss mirrors from ATFilms (https://www.atflims.com)

Paolo Crivelli 14



The enhancement cavity @ 486 nm

Laser486 nm &
BAS

\-

.

T1=T2=7 ppm
Al=A2=7 ppm
FSR= 0.55 GHz
Linewidth = 2.5 kHz
Finesse ~ 225000
Incoupling 24%

o o
o)) N

o
o

Circulating power (W)
o
@

o
o

o
o
TT T T [T T T T[T T T T[T T T T [ T T T T [T T T T T
| I I | | | |

O'1IIII|IIII|IIII| IIIIIIII |IIII|IIII|IIII
30 40 50 60 70 80 90

Input power (mW)

At 0.4 MW/cm? (0.7 kW circulating power)
mirror degradation observed.

Run @ 0.5 kW:
-> Excitation prob ~ 4x10“
-> Resonant 3y Pl ~ 4x10°

Paolo Crivelli
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Stable generation of 500 W, no degradation

over hours of continuous operation.




Detection of Ps 1S-2S

1) Detection of annihilation photons. Lifetime of excited S states ~ n? It =8
TZS TlS

Gamma detectors
STOP

"',5142 ns (1S)
)

1-

— Psin 28 state

----- Psin 1S state

* * - ; w 6/MNs (2S)
_...;.fff:: : ’I“is
- 1G4 simulatiiiE , I
- | E

Ll | T | | | I — L1 11 T
0 500 1000 1500 2000 2500 3000 3500 4000
Time (ns)
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Detection of Ps 1S-2S

1) Detection of annihilation photons. Lifetime of excited S states ~ n? It =8
TZS TlS

Gamma detectors .
10
STOP

"',5142 ns (1S)
)

I-

— Psin 28 state

----- Psin 1S state

6/hs (2S)

-

i I

g
el ne
a

[ LR =
-
=
T

.
ey
on

"
o,

G4 simulati

—
IHI|

Ll | T | | | I — L1 11 | T
0 500 1000 1500 2000 2500 3000 3500 4000
Time (ns)

) w53

2) Detection of photo-ionized positrons (3 photons resonant ionization).

Extraction plates
10 Vicm Side view

— » B-field (50-300 G)

Ps
Target . .-
Position sensitive MCP:
> imaging of the positron
Photo-ionization point
Laser beam |
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Detection of Ps 1S-2S
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2) Detection of photo-ionized positrons (3 photons resonant ionization).
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Position sensitive MCP:
imaging of the positron
Photo-ionization point

Study of systematic varying the
magnetic field (characterized

at PSI to better than 1%)
Motional Stark effect ~v*

(same dependence as 2™ order
Doppler as was done for H at
LKB by Biraben et al .)




Status of 15-2S experiment

Positron beam

Upgraded with solid neon moderator (factor 20 more positrons)
Construction of the excitation chamber.

New coils built and charachterized at PSI.

Efficient and stable positronium production.
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Status of 15-2S experiment

Positron beam

Upgraded with solid neon moderator (factor 20 more positrons)

Construction of the excitation chamber.

New coils built and charachterized at PSI. v
Efficient and stable positronium production.

Laser system

Stabilization to 1 kHz (short term), 1 MHz/day (drift) y
Stable generation of 500 W circulating power (no degradation over hours). o
Reference: saturated spectroscopy of molecular tellurium (line 55 MHz from Ps)
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Status of 15-2S experiment

L e = e mmms
Enhancement caV|ty \ \

Positron beam | \ !
Upgraded with q | A\
Construction of _
New coils built g [
Efficient and sta| 1- o

Laser system | §
Stabilization to 1 \#
Stable generatic
Reference: satu

m Ps)

_ Laser and beam have
j N now been combined

MPQ Te2 cell

e

J Laser 486 nm

\\/.Work In progress to reduce background (shielding + beam bunching),
" improve stability of the system and maintenance of cryocooler will be required.
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Ps Target- “Tube” geometry

To enhance Ps interaction time with laser (as proposed by P. Perez for Gbar )
we installed (last week) a new target in a “tube” geometry.

e+ 5 keV

SiN 30 nm window 3x3 mm? [

— e P

Laser (500W) - Aperture 3x3 mm? o
Porous silica Length 60 mm, internal walls coated with SiO2

Paolo Crivelli 17



Ps Target- “Tube” geometry

To enhance Ps interaction time with laser (as proposed by P. Perez for Gbar )
we installed (last week) a new target in a “tube” geometry.

—
Laser (500W)

e+ 5 keV

Porous silica

S ——
Aperture 3x3 mm?
Length 60 mm, internal walls coated with SiO2

SIN transmission @ 5 keV close to 100%, Measured Ps fraction into vacuum of 22%
(tube geometry -> about 5% reduction).

Data taking in progress...

Paolo Crivelli

17



Expected accuracy

With available source of Ps:
- Porous silica films: 30% @ 40 meV mono-energetic, isotropic emission

1) Uncertainty from statistics 1.8 MHz -> 0.35 MHz.
- Better positron beam (1 mm), higher detection efficiency,
no restriction of beam time (careful systematic study), stable Ps formation

Paolo Crivelli 18



Expected accuracy

With available source of Ps:
- Porous silica films: 30% @ 40 meV mono-energetic, isotropic emission

1) Uncertainty from statistics 1.8 MHz -> 0.35 MHz.
- Better positron beam (1 mm), higher detection efficiency,
no restriction of beam time (careful systematic study), stable Ps formation

2) Systematic uncertainty 1.9 MHz -> 0.4 MHz.
- Main contribution of 1993 exp. unknown parameters

in pulsed photoionization laser -> proposed methods free of this systematic.
- Systematic dominated by 2" order Dopplershift

Paolo Crivelli 18



Expected accuracy

With available source of Ps:
- Porous silica films: 30% @ 40 meV mono-energetic, isotropic emission

1) Uncertainty from statistics 1.8 MHz -> 0.35 MHz.
- Better positron beam (1 mm), higher detection efficiency,
no restriction of beam time (careful systematic study), stable Ps formation

2) Systematic uncertainty 1.9 MHz -> 0.4 MHz.
- Main contribution of 1993 exp. unknown parameters

in pulsed photoionization laser -> proposed methods free of this systematic.
- Systematic dominated by 2" order Dopplershift

Measurement of 1S-2S of Ps at a level about 5x10-1° seems feasible
=> check QED

Paolo Crivelli 18



Expected accuracy

With available source of Ps:
- Porous silica films: 30% @ 40 meV mono-energetic, isotropic emission

1) Uncertainty from statistics 1.8 MHz -> 0.35 MHz.
- Better positron beam (1 mm), higher detection efficiency,
no restriction of beam time (careful systematic study), stable Ps formation

2) Systematic uncertainty 1.9 MHz -> 0.4 MHz.
- Main contribution of 1993 exp. unknown parameters

in pulsed photoionization laser -> proposed methods free of this systematic.
- Systematic dominated by 2" order Dopplershift

Measurement of 1S-2S of Ps at a level about 5x10-1° seems feasible
=> check QED

Further improvement at a level of 1x10-1° to test gravitational Redshift
only possible with cryogenic Ps.
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Cryogenic Ps

- Aluminum oxide nano-channels 5-8 nm -> 7% of Ps at 150 K Brusaetal., PRL 104, 243401 (2010)
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Cryogenic Ps

- Aluminum oxide nano-channels 5-8 nm -> 7% of Ps at 150 K

Brusa et al., PRL 104, 243401 (2010)

- Excitonic Ps from n-type Si(111) might lead to Ps @ 10 K D. Cassidy etal ., Phys. Rev. B 86, 155303 (2012)

- Laser cooling?

1D Laser cooling 1S->2P (243 nm)
- Recaoll limit: 0.2 K (v = 1500 m/s)
- Doppler limit 7.5 mK

- | =0.5 W/cm?

saturation

- In saturation lifetime of Ps -> 280 ns

From RT to recoil limit -> 50 cycles (~Ps lifetime)
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Cryogenic Ps

- Aluminum oxide nano-channels 5-8 nm -> 7% of Ps at 150 K

Brusa et al., PRL 104, 243401 (2010)

- Excitonic Ps from n-type Si(111) might lead to Ps @ 10 K D. Cassidy etal ., Phys. Rev. B 86, 155303 (2012)

- Laser cooling?

1D Laser cooling 1S->2P (243 nm)
- Recaoll limit: 0.2 K (v = 1500 m/s)
- Doppler limit 7.5 mK

- | =0.5 W/cm?

saturation

- In saturation lifetime of Ps -> 280 ns

From RT to recoil limit -> 50 cycles (~Ps lifetime)

Big problem, frequency sweeping ~300 GHz in 300 ns
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Cryogenic Ps

- Aluminum oxide nano-channels 5-8 nm -> 7% of Ps at 150 K Brusaetal.,, PRL 104, 243401 (2010)

- Excitonic Ps from n-type Si(111) might lead to Ps @ 10 K D. Cassidy etal ., Phys. Rev. B 86, 155303 (2012)

- Laser cooling?

23F'2,1‘0
1D Laser cooling 1S->2P (243 nm) S A
- Recoll limit: 0.2 K (v = 1500 m/s) \ e
- Doppler limit 7.5 mK \
243 nm |'\I1:=3.2 nsec
- Isaturation:O'S chm2 (51 eV) g
- In saturation lifetime of Ps -> 280 ns l
T 138,
From RT to recoil limit -> 50 cycles (~Ps lifetime) T
ir‘J 3y (142 nsec )
Big problem, frequency sweeping ~300 GHz in 300 ns 2y (125 psec )
p-Ps 0-Ps

Possible solution: use a mode locked laser at 80 MHz
(as proposed by F. Biraben for excitation of Ps in the 2P for the Gbar experiment).
Preliminary simulation is promising.

For Cd+ ions B. Blinov, J. Opt. Soc. Am. B/Vol. 23, No. 6/June 2006, 1170
For Na atoms P. Strohmeier, Z. Phys. D - Atoms, Molecules and Clusters 21,215-219 (1991)
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~ To test anti-gravity via the
»” gravitational Redshift of Ps <
more exciting work is ahead!

Paolo Crivelli



. 10 test anti-gravity via the
»” gravitational Redshift of Ps <
more exciting work is ahead!

Thank you for your attention ©

Paolo Crivelli
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