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Leptonic atoms

|Talk R. Pohl (Thursday)|

| Test fundamental symmetries
| and search for new physics

| | Precise bound state
QED test free from
finite size effects

C. Vigo et al PRD D 97, 092008 (2018).

|Positronium (Ps) | |Muonium (Mu) |

E_Fundamental constants J  Test effect of gravity
on anti-matter

ITalk Seo (Friday) | -~ e ) ]
| Applications in material scienceH
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Energy levels
Ps
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3

2°S, 1.1ps 2P32

ns
2 photons transition:
A=486 nm
Natural linewidth:
1.2 MHz

3S1 142 ns
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|
3S 3P 3D

2S22pus 2P1.6 ns
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Positronium 1S-2S measurement

S. G. Karshenboim, Phys. Rep. 422, 1 (2005) . th
....................................... Theory: V1Y =1233607222.2(6) MHz
K. Pachucki and S. G. Karshenboim, Phys. Rev. A60, 2792 (1999),
a K. Melnikov and A. Yelkhovsky, Phys. Lett. B458, 143 (1999)".
Adkins, Kim, Parsons and Fell, PRL 115 233401 (2015)
b . .
Experiments: v'=1233607216.4(3.2) MHz
,,,,,,,,,,,,,,,,,,, theory M. S. Fee et al., Phys. Rev. Lett. 70, 1397 (1993)
1 233 607 200 1 233 607 220 1233607240 S. Chu, A. P. Mills, Jr. and J. Hall, Phys. Rev. Lett. 52,1689 (1984)

Positronium 1s - 2s interval [MHZ]

New measurement ongoing at ETHZ: goal 0.5 MHz
1) Check QED calculations (a’m)
2) Stringent test of SME

3) Positron to electron mass ratio
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Muonium 1S-2S measurement

Experiment:
Avigos(expt.) = 2455528941.0(9.8) MHz

Meyer et al. PRL84, 1136 (2000)

Theory:
Avygo5(theory) = 2455528935.4(1.4) MHz

Limited by knowledge of muon mass.
QED calculations at 20 kHz

S. G. Karshenboim, Phys. Rep. 422, 1 (2005)

Reduced mass contribution:

1.187 THz (4800 ppm) =) my+/me- = 206.76838(17)

Byproduct: u+/de- = —1—1.1(2.1) x 10~°

Improvement by 3 orders of magnitude seems possible!
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Fundamental constants in muon sector
|Ta|ks Mott, Denig, Stoeckinger (Tuesday)l

Muon g-2

FNAL | We My, Py
ay =

—> hadronic contribution
— hadronic Ibl contribution
—” New Physics

Wp Me UB

Mu-MASS
AV 5
—> m,
—>  QED corrections
:) QED corrections —> Rydberg
~ weak contribution
Talk Seo (Friday)| Adapted from K. Jungmann, DPG 2017 (Mainz)
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Positronium/muonium formation

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

Vacuum \ S
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Positronium formation

Porous Silica thin fiIn'§~1000nm 3-4 nm pore size

e+ L‘AA;**’

e+ A W"‘

e+

Vacuum

-

SN N ﬁps
&

30% of the incident positrons%re converted in positronium
emitted into vacuum with 40 meV (almost 10° m/s).

P. Crivelli et al. , Phys. Rev. A81, 052703 (2010)
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Positronium formation
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Laser spectroscopy
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he laser system

Requirements:

- High power (~kW) at 486 nm -> detectable signal
- Long term stability (continuous data taking ~days)
- Scanning of the laser £ 100 MHz

4

486/488 nm TOPTICA
LASER p— |aser _

T ; % 4 ‘! ;
3 % '. . ) e 2 %
\‘;_ ""’7\ “ N . "\:f‘
] e - A N\,

Tapered
Amplifier

Incoming e+ beam
laser beam ( oPs
SHG cavity with \
LBO crystal Ps target
Vacuum 10°*mBar
Mirror 1 mounted in double piezo-actuator Mirror 2

Space for 244 nm SHG for Mu
spectroscopy
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he laser system

Requirements:

- High power (~kW) at 486 nm -> detectable signal
- Long term stability (continuous data taking ~days)
- Scanning of the laser £ 100 MHz

Tapered b MO
Amplifier S

24 W

’v =0

SHG cavity with
LBO crystal

i

Incoming
laser beam

Mirror 1 mounted in double piezo-actuator Mirror 2

Space for 244 nm SHG for Mu
spectroscopy

High finesse resonator for power build up
500 mW=——=> 1 kW

ETHZ- IPA Paolo Crivelli 12



Detection of Ps annihilation in the 2S state

CW slow pOSitI’Oﬂ beam Setup D.Cooke, PC et al, Hyp. Interact. 233 (2015) 1-3, 67

35

20 0 20 4 60
Frequency (arb, MHz)

S/N ratio should
MPQ Te. col be improved.

Laser 4BBnm

Use bunched beam (buffer gas trap)
— Noise from accidentals reduced by 2 orders of magnitude
— Reduction and correction of systematic effects
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New beamline based on a buffer gas trap

Gamma
Detectors

Excitation
region

ETHZ- IPA

Solenoid 1kG

Positron Source (many thanks to D. van
der Werf and the Swansea group of M. Charlton)
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Bunching and extraction to a field free region
D. A. Cooke PC etal., J. Phys. B: At. Mol. Opt. Phys. 49 014001 (2016)

|e* (7 ev), At=50 ns, 0=1 mm, B= 120 G |

Mu—metal
Buncher Elevator Grid
e+ LJ
____________________________________________________________________________________________________________ — _—____I___—I:_—_T__—__——_— | MCP
Lens J:—
0T S \
bk B '
Z o : - § &)
= | e - =
. —
§ e s - 3 1=
O |
A an

-2
|
|
0

0 250 500 750
Distance (mm)

ON TARGET (@ground): At= 1 ns, o=1 mm, B<0.1 G, 90 % efficiency
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Pulsed laser system for Ps excitation

e w
el - wavelength-meter | | Computer
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\
/ \D* — A
/
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| <_

‘ I (Spectra Physics)

| |

| |
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Detection schemes for Ps 2S excitation

SIO, M. Pl e+ I MEP o
target ........................... - <
>I MCP

Mu-metal shield

llllllllllllllllllllllllllll

486 nm 25 17 oV
A
486 nm
6.8 eV
A 5.1 eV
ETHZ' IPA Paolo Crivel 2‘55 ev 486 nm IS
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Detection schemes for Ps 2S excitation

SiO, I MCP .
— e e
target i
>I MCP
532nm Mu-metal shield

2S photo-ionization in separate laser
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Detection schemes for Ps 2S excitation

486nm -

SIO, | . Rydberg Ps I<MCP et
target |9 T .
~400ns TOF >| MCP
~736nm Mu-metal shield

2S - Rydberg (e.g. 20P) and field ionization on MCP

allows for correction of second order doppler shift (main systematic!)

’U2

Avps = vg—
2c2
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ratio ionized e* over backscattered e* (x10, x10) [%]

Detection schemes for Ps 2S excitation

M. Heiss, et al arXiv:1805.05886

15

10- I
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T — 4—

'sio, !
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| target

Mu-metal shield

C 1 L ' L 1 L L 1 L L 1 L 1 L 1 L
-200 0 200 400 600

laser detuning [MHz]

ETHZ- IPA Paolo Crivelli 20



“Quasi” Doppler free excitation — velocity distribution

Camera
! vacuum chamber
positrons
— ring MCP
Y detector
- \
tiltable
beam silica piezo
sampler thin film mount
target
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“Quasi” Doppler free excitation — velocity distribution

Camera
[ ]
vacuum chamber
positrons
E— ring MCP
detector
tilt by angle 0
tiltable
beam silica piezo
sampler thin film mount
target

Integration of MCP signal, ROI: 30ns-43ns after backscattered peak

AV v
E
ortho-Ps 3
"‘r--.. g
5 -----—"‘- . E'
B N— == mirror £

Ol | I | &

Converter -500 -400 -300 -200 -100 o 100 200

laser detuning [MHz]
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Outlook of 1S-2S Ps spectroscopy

NEXT STEPS
— Combine CW laser with bunched positron beam.

— Absolute frequency reference: upgrade with output
@ 972 nm frequency comb of Prof. Esslinger group (ETHZ).

GOAL.: current source (10000 Ps/pulse @ 40 meV)
— Measurement of 1S5-2S of Ps at a level about 5x10-°
— Check QED calculation, SME test (sidereal variations)

POTENTIAL IMPROVEMENTS
— GBAR LINAC
— Colder Ps source?
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Muonium formation
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Polarized surface muon generation

2.2 mA =1.4 10" Protons/sec
with 600 MeV

Production Target

<—TC+
PG 2 T T PN w.
Surface”

MUOoNS !

©
~107- 108 pt/sec
100 % pol. v b

condensed matter studies

~4MeV
generally used for “bulk”
For thin film studies: eV-30 keV
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Low energy muon (LEM) beam line at PSI

MCP1
detector

Surface muon
Sl beam
(E=4MeV)

Trigger
detector
( START)

X

Bl

<= Muon momentum
= Muon spin

= | Low energy
muon beam
0-30 keV

~ 5000 wis
UHV ~10" mbar

Helmholtz
Coils

Sample or
MCP2 detector

Cryostat
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Positron counters
(STOP)
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MuSR results for porous and bulk SiO2

ETHZ- IPA

Larmor frequency: wps, ~ 103w, +

&
09

0.8
a.v
0.6
0.5
0.4
0.3
0.2
0.1

0

MuSR — Mu is formed but is this emitted in vacuum?

S A

- 6 . o

— Indirect method A, Direct method A,

E [ A Si0, porous, 5 keV | ® Si0, porous, 5 keV |

— 510, porous, 14 keV

- | ©  Si0, porous, 19 keV

| A Suprasil, 5 keV X

= Suprasil, 14 keV

- | @ Suprasil, 19 keV F

— X

- X

[ | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
50 100 150 200 250

T(K)
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Positron shielding technique (PST)

Upstream detector Downstream detector

f

/

= —=
— et
B-field == -
|1 MW@ Cryostat
u
‘ E
1 ch—ca’
A/ = 7
Sample l Usual MSR sample
' = =
— u*spin < >

= u momentum

10 cm

No emission into vacuum I:>
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Positron shielding technique (PST)

Upstream detector Downstream detector

/

R

i
R e+
-
B-field ==
ffffffffff s IS Cryostat
Ly =i
_q:,_u;

nasition

A

= u momentum

Emission into vacuum

ETHZ- IPA

\ 4

10 cm

Paolo Crivelli

i

Simulations

Counts

W= 100% emission




PST principle

Counts

Counts

Simulations {a)

5000
4000
2000 Fa,= 100% emission
2000

1000

Data (250 K, 5 keV) (b)

Si0, porous, F:“ = 0%

Time (us)

feie(t) = n[(1 — Fyp,) fo(t) + Frp, fro0(6)] + npp fpp(t)

——)> Vacuum Yield: g
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------- 8i0,, 5 keV, 250K
j Fatlt)
AT — Suprasil, 5 keV, 250K

(c)

G
Time {us)
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PST results

A. Antognini (ETHZ), P. Crivelli (ETHZ), K. S. Khaw (ETHZ), K. Kirch,(ETHZ/PSI), B Barbiellini (NU Boston), L. Liszkay
(CEA),T. Prokscha (PSl), E. Morenzoni (PSl), Z. Salman (PSI), A. Suter (PSI), PRL 108, 143401 (2012)

0.5

=3
> = - | m 19keV,PST (a)
- | A 14keV,PST
04— | ® 5keV,PST
- | O 19keV,A
- | . 14keV,A
L e Mu
03| O SkeVA, { .
- A
02— 1
B (i) T
- 0
0.1— f [:]
- + + |
O — ! | | | | | | | | | | | | | | 1 1 | | 1 1 | | | 1 |
0 50 100 150 200 250
T (K)

(38+4)% at 250 K and (20+4)% at 100 K for 5 keV
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Muonium spatial confinement

K. S. Khaw, A. Antognini, T. Prokscha, K. Kirch, L. Liszkay, Z., Salman, P. Crivelli, PRA 94, 022716 (2016)

DATA-SIM 1mm

Thermal
Shield %\

window

+@
Mirror o0 ISHIGEN:
. SiN window Mirror
#«’—Muv e T |
SiO, target ‘

Factor 5 enhancement in exc. probability
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MuoniuM lAser SpectroScopy (Mu-Mass)

ETHZ- IPA Paolo Crivelli 33



Current (1999) 1S-2S measurement

BKG: 2.5
_______ vep | COunts/day
14
.r‘ !
* from Muon De : ; .
.. v rom R TR 212 - Muonium O Signal
"= Scintillation Counter ';' [ E=1— F=1
. » 1+t % = Theory
Lens C nﬂ_ 08kl _
Bending Magnet E 06 -
. n "
Electrostatic Lﬂ D4F O l
Mirror  ~~ - [ > |
- 3 02l ':?'~20 MHZ W
. —— o | [ (FWHM) .
! : 2 u-é 5808 56588
I m IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
MuonTraces 2 640 660 680 700 720
bens B UL Vi aserViodine IMHZz]
PULSED Lens A -~ [TT7] .
F. Maas, Physics Letter A 187, 247 (1994)
Man Accelerator, L Meyer et al. PRL84, 1136 (2000)
244 nm Lasgl_:Beam Preaccelerator-.__“_ :!
L 7 3500 mu+/pulse, 50 Hz, 80 Mu/pulse
0 10 20 30cm S10, Target
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1S-2S CW laser spectroscopy

The 15-2S signal rate is proportional to
\"Mu ; Muonium production rate
R~ Ny, - I? -2 where Laser intensity

\\ t ~v~!: Interaction time

‘ Need a Mu source with high weld and low energyl
‘ Decrease requirements of laser intensity I

Mu@ 100 K HP 244 nm laser light
G /
Z. Burkl tal., Appl. Phys. B 123,
Y 52016 ana S

First CW spectroscgpy F. Cooper et al. Optic Letters 43, 1375 (2018)
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Pulsed vs CW spectroscopy

RAL (1999) Mu-MASS Phasel Mu-MASS Phase2
1T beam intensity 3500 x 50 Hz 5000 s~! > 9000 s~ !
1T beam energy 4 MeV 5 keV 5 keV
M atoms 600 s~ @ 300K 1000 s~ @ 100 K 1800 s~ @ 100 K
Spectroscopy Pulsed laser CW CW
Experimental linewidth 20 MHz 750 kHz 300 kHz
Laser chirping 10 MHz 0 kHz 0 kHz
Residual Doppler shift uncert. 3.4 MHz 0 kHz 0 kHz
2nd-order Doppler shift uncert. 44 kHz 15 kHz 1 kHz (corrected)
Frequency calibration uncert. 0.8 MHz < 1 kHz < 1 kHz
Background events 2.8 events/day 1.6 events/day 1.6 events/day
Total number of 2S events 99 1900 (10 d) > 7000 (40 d)
Statistical uncertainty 9.1 MHz <100 kHz 10 kHz
Total uncertainty 9.8 MHz <100 kHz (linewidth/10) | 10 kHz (linewidth/30)

For CW reduction of the transition linewidth by a factor >20!

ETHZ- IPA

Paolo Crivelli
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Pulsed vs CW spectroscopy

RAL (1999) Mu-MASS Phasel Mu-MASS Phase2
1T beam intensity 3500 x 50 Hz 5000 s~ ! > 9000 s~
ut beam energy 4 MeV 5 keV 5 keV
M atoms 600 s~ @ 300K 1000 s~1 @ 100 K 1800 s~ @ 100 K
Spectroscopy Pulsed laser CW CW
Experimental linewidth 20 MHz 750 kHz 300 kHz
Laser chirping 10 MHz 0 kHz 0 kHz
Residual Doppler shift uncert. 3.4 MHz 0 kHz 0 kHz
2nd-order Doppler shift uncert. 44 kHz 15 kHz 1 kHz (corrected)
Frequency calibration uncert. 0.8 MHz < 1 kHz < 1 kHz
Background events 2.8 events/day 1.6 events/day 1.6 events/day
Total number of 2S events 99 1900 (10 d) > 7000 (40 d)
Statistical uncertainty 9.1 MHz <100 kHz 10 kHz
Total uncertainty 9.8 MHz <100 kHz (linewidth/10) | 10 kHz (linewidth/30)

Systematic related to pulsed excitation eliminated

ETHZ- IPA
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Pulsed vs CW spectroscopy

RAL (1999) Mu-MASS Phasel Mu-MASS Phase2
1T beam intensity 3500 x 50 Hz 5000 s~! > 9000 s~!
ut beam energy 4 MeV 5 keV 5 keV
M atoms 600 s~! @ 300K 1000 s~ @ 100 K 1800 s~ @ 100 K
Spectroscopy Pulsed laser CW CW
Experimental linewidth 20 MHz 750 kHz 300 kHz
Laser chirping 10 MHz 0 kHz 0 kHz
Residual Doppler shift uncert. 3.4 MHz 0 kHz 0 kHz
2nd-order Doppler shift uncert. 44 kHz 15 kHz 1 kHz (corrected)
Frequency calibration uncert. 0.8 MHz < 1 kHz < 1 kHz
Background events 2.8 events/day 1.6 events/day 1.6 events/day
Total number of 2S events 99 1900 (10 d) > 7000 (40 d)
Statistical uncertainty 9.1 MHz <100 kHz 10 kHz
Total uncertainty 9.8 MHz <100 kHz (linewidth/10) | 10 kHz (linewidth/30)

— Improvement in reach using the LEM beamline at PSI

Paolo Crivelli
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Outlook — Muonium spectroscopy

NEXT STEPS

- Upgrade Ps laser with fiber amplifier and SHG (CLBO) + UV enhancement cavity.
- Develop laser: Mu(2S) — Mu* enhance the signal and measure atoms velocity.

- Test new targets for Mu prodution (in collaboration with PSI muon group)

GOAL:

— Improve muon mass (1 ppb) adn qu/qe (1 ppt)
Combined with HFS:

— stringent test of bound state QED (rel. accuracy 1 ppt)

— Rydberg costant free of finite size effects (few ppt), a (1 ppb)
— Test of SME

POTENTIAL IMPROVEMENTS:

1S-2S results will be statistically limited

— New low energy beam lines under development at PSI (Kirch group, ETHZ/PSI)
and at JPARC — 2 orders of magnitude more low energy muons expected.
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