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We present the status of the Mu-MASS experiment aiming for a 1000-fold improvement in the
determination of the 1S-2S transition frequency of Muonium (M), the positive-muon/electron bound
state. This substantial improvement beyond the current state-of-the-art relies on the novel cryogenic M
converters, new excitation and detection schemes which we implemented for positronium spectroscopy,
and tremendous advances in generation of UV radiation. This will provide the best determination of
the muon mass at a level of 1 ppb. Moreover, combined with the results of the ongoing hyperfine
splitting measurement (MUSEUM) at the Japan Proton Accelerator Research Complex (JPARC) this
will provide one of the most sensitive tests of bound state Quantum ElectroDynamics (QED) with a
relative precision of 1⇥ 10�9.

We report on the advancements to the laser and 2S-detection setup made since the last BV 51
meeting. We also show preliminary results of a new measurement of the Muonium Lamb shift, taken
during the LEM beamtime in December 2020.

The experiment is funded through an ERC consolidator grant (818053 -Mu-MASS), which started
on February 2019 and by the Swiss National Foundation under the grant 197346.
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https://www.psi.ch/en/ltp/mu-mass
The PSI isochronous cyclotron
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Designed in the 1960’s to deliver 100 mA, first mA beam in Feb 1974, 1 mA in 1994;
2.4 mA: ~1.5 x 1016 protons/sec @ 590 MeV (highest beam power proton machine in the world):
1.4 MW on 5x5 mm2 = 50 kW/mm2, stainless steel melts in ~0.1 ms; 
Electric power demand of 3000 households;

A MW proton beam allows to generate 100% polarized 4-MeV m+ beams with rates >108/sec.

Cyclotron frequency of protons: q/(2pm) = 15.25 MHz/T
n0 = q/(2pgm)∙B, g = Etot/mc2

nrf = n∙n0, frequency of accelerating radio-frequency

Isochronous cyclotron: B0(R) ~ g(R), constant nrf!
PSI cyclotron: B0 = 0.554 T, n0 = 8.45 MHz, n = 6,
→ nrf = 50.7 MHz
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Motivations to study leptonic atoms - Positronium and Muonium
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▪ Being purely leptonic, devoid of uncertainties from nuclear size effects present in 
normal atoms. Therefore, any deviation between theory and measurements could 
be a signal of New Physics. 

▪ Muonic sector under the spot light: recent muon g-2 and LHCb results hints for 
possible deviations from SM predictions  

▪ Interestingly, for positronium fine and hyperfine splitting intervals there are some 
discrepancies which deserve further scrutiny. 

▪ Moreover, from these measurements very important values of fundamental 
constants can be extracted such as the muon mass and muon magnetic moment.
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The muonium (M)

3

M (positive muon-electron bound state) 
Predicted in 1957 (Friedmann, Telegdi, Hughes) 
Unstable with lifetime of 2.2 μs.  
Main decay channel: μ+ -> e+ + �̄�μ  + 𝝂e  

Discovered in 1960 (Hughes) by detecting muonium spin (Larmor) precession  
in an external magnetic field perpendicular to the spin direction. 

Actually M is not a real -onium atom (particle-antiparticle system).  
The true muonium bound state would be μ+μ-   yet to be discovered…  

Vernon Hughes
1921-2003
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How to produce muons?
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with m and g the muon g-factor. Since for the muon �mu = 13.6 kHz/G while

for muonium �Mu = 1.4 MHz/G, it is possible to distinguish between a free

muon and one that bound to form Mu looking at the precession frequency.

The key point is that a polarized muon beam can be formed selecting the so

called surface muons produced by impinging protons on a (typically) graphite

target (see Fig. 7). The positive pions produced in the target will decay with

!

Surface muon production Pion decay kinematics

Graphite target

From  
accelerator

Figure 7: A spin polarized muon beam is produced by impinging high

energy muons (e.g. at PSI those have a momentum of

p=590 MeV/c) on a graphite target as shown on the left side

(adapted frmo https://muonsources.org/science-with-muons/how-

are-muons-produced.html). The produced pions decay into a

muon and a neutrino. As explained in the text the pro-

cess on the right is forbidden due to parity violation of the

weak interaction (adapted from E. Morenzoni’s lecture, see

http://people.web.psi.ch/morenzoni/).

a lifetime of 26 ns mainly via:

⇡+ ! µ+ + ⌫µ. (20)
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How to generate muons
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Polarized muon production:
high energy protons generate pions (mp ~ 140 MeV) in collisions with nuclei:

p+ + p+ → p+ + n  + p+

p+ + n → n  + n  + p+

p+ + p+ → p+ + p+ + p0

p+ + n → p+ + n  + p0

p+ + n → p+ + p+ +p-

For Beam-on-Fixed-Target it needs Ep > 290 MeV

“Meson factories” have Ep = 500 – 3000 MeV

p+ → m+ + nm (p+/- lifetime 26 ns, 100% m+ polarization in p+ rest frame)
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For Beam-on-Fixed-Target it needs Ep > 290 MeV

“Meson factories” have Ep = 500 – 3000 MeV

p+ → m+ + nm (p+/- lifetime 26 ns, 100% m+ polarization in p+ rest frame)

Generation of  100% polarized (parity violation) 
mono-energetic muon beams (E=4 MeV, p=29 MeV/c)

At PSI: 
Ep=590 MeV

surface muons 
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nrf = n∙n0, frequency of accelerating radio-frequency

Isochronous cyclotron: B0(R) ~ g(R), constant nrf!
PSI cyclotron: B0 = 0.554 T, n0 = 8.45 MHz, n = 6,
→ nrf = 50.7 MHz



||Paolo Crivelli 23.06.2022

The PSI low energy muon beam (LEM)
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The PSI isochronous cyclotron
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Designed in the 1960’s to deliver 100 mA, first mA beam in Feb 1974, 1 mA in 1994;
2.4 mA: ~1.5 x 1016 protons/sec @ 590 MeV (highest beam power proton machine in the world):
1.4 MW on 5x5 mm2 = 50 kW/mm2, stainless steel melts in ~0.1 ms; 
Electric power demand of 3000 households;

A MW proton beam allows to generate 100% polarized 4-MeV m+ beams with rates >108/sec.

Cyclotron frequency of protons: q/(2pm) = 15.25 MHz/T
n0 = q/(2pgm)∙B, g = Etot/mc2

nrf = n∙n0, frequency of accelerating radio-frequency

Isochronous cyclotron: B0(R) ~ g(R), constant nrf!
PSI cyclotron: B0 = 0.554 T, n0 = 8.45 MHz, n = 6,
→ nrf = 50.7 MHzE~15eV

Low-energy m+facility (LEM) at mE4 beam line

At 1.6 mA proton current, “slanted” muon target E 

~4.6 • 108 m+/s total, Dp/p = 9.5% (FWHM) 
~2.0 • 108 m+/s on LEM moderator       
~1.2/1.8 • 104 m+/s moderated (solid Ar/solid Ne) 

T. Prokscha, E. Morenzoni, K. Deiters, F. Foroughi, D. George, R. Kobler, A. 
Suter and V. Vrankovic,
Nucl. Instr. Meth. A595, 317  (2008).

Solid Ne/Ar  
500 nm film

Helmholtz coil 

TARGET

Up to 2x104  μ+/s
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Muonium (&positronium) formation in porous SiO2 films
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Porous Silica thin film  
~1µm, 3-4 nm pore size

Vacuum

µ+ M

µ+

M
µ+

▪ Muon implanted with keV energies 
(Requires low energy muon beam)  

▪ Rapidly thermalises in the bulk (~ps) 
▪ M formation and diffusion in the 

interconnected pore network 
▪ Up to 20(40)% @100(250)K muonium 

in vacuum per incoming muon 
▪ Single muon tagging using secondary  

electrons (few ns)  Secondary e-

Microchannel plate

P. Crivelli et al., PRA 81, 053622 (2010), D. B. Cassidy, P. Crivelli PRA81, 039904 (2010) 
A. Antognini, P. Crivelli et al., PRL 108, 143401(2012)
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Muonium 1S-2S: current status theory/experiment 

7

Dark  
Sector

REDUCED MASS CONTRIBUTION: 1.187 THz (4800 ppm)1

n

3

2

4

2S 2.2 µs 2P 1.6 ns

3P 3D 3S 

1S 

2 photons transition: 
λ=244 nm 

Natural linewidth:  
144 kHz 

2.2  µs

 Meyer et al. PRL84, 1136 (2000)

Limited by knowledge of muon mass. 
QED calculations at 6 kHz I. Cortinovis et al. (manuscript in preparation 

for the PSAS 2022 proceedings) 
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Mu-MASS: Goal and Output  

Mu-MASS: Measure 1S-2S transition with Doppler free laser spectroscopy
GOAL: improve by 3 orders of magnitude (10 kHz, 4 ppt) 

QED 
µµ, α, gµ

QED m
µ

QED 

m µ

µµ
α 
QED corrections 
weak contribution 

MUSEUM 
ΔνHFS, n=1

Mu-MASS
Δν1S-2S

mµ
QED corrections 
Rydberg 

µµ µ
µ

= ⋅
⋅m �g
e ⋅h
2

Muon g-2 
FNAL 

hadronic contribution 
hadronic lbl contribution 
New Physics 

OUTPUT 
→ Muon mass @ 1 ppb
→ Ratio of qe/q𝜇 @ 1 ppt 
→ Search for New Physics  
→ Test of bound state QED (1x10-9)
→  Input to muon g-2 theory 
→ Rydberg constant @ ppt level 
→ New determination of 𝛼 @ 1 ppb 
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Mu-MASS: methodology

Low energy 𝜇+ beam

Muonium production

Muonium 2S excitation

Muonium pulsed 355 nm PI 

𝜇+ detection in MCP+  
e+ detection in 

scintillator

50'
MCP

field ionization

piezo
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Mu-MASS: experimental scheme 
CHAPTER 5. ANALYSIS FOR MU-MASS EXPERIMENT

non-muon background from the muon signal. The time window for classifying decayed positrons
is a few nanoseconds to a few microseconds after one muon event.

5.2 Photo-ionization: muon detection scheme
Since the anti-muon flux from LEM is much smaller than the hydrogen flux supplied by the

gas bottle, the background should be suppressed as much as possible. Therefore, the primary
purpose of a series of MCP tests is to reduce the laser-induced background on the line shape and
optimize the detection efficiency. To differentiate background and true muon signal, a trigger
level can be set within an oscilloscope. When we reduce the averaged background to a magnitude
below this trigger level, only the events that exceed the trigger level are identified as muon
signals. The background in the TOF region of muons is mainly from the ringing of photo-peak. To
reduce the size of MCP ringing, we used several prototypes of the detection chamber. Figure 5.3
shows how the setup evolves from September to November 2021.

Figure 5.3: Evolution of the setup: four versions of detection chamber a) CF100 cube + tube with
3 guiding lenses + MCP; b) CF100 cube + same tube + MCP + tube along the UV laser beam; c)
CF100 cube + same tube + cross with rotated MCP + tube along the UV laser; d) CF100 cube +
cross with 2 guiding lenses and rotated MCP + tube along the UV laser.

Version a

The first version a) consists of a simple CF100 cube and a cylindrical metal tube, including
charged particle guiding system of 3 lenses inside the tube. This prototype is already different
from the old PI chamber in hydrogen QGS setup (see figure 3.5), which has an MCP directly
mounted on the cubic chamber. The reason for not using the old setup for Mu-Mass is that a
longer tube ensures a better TOF separation for charged particles. In particular, the muon TOF
region is more away from the photo-peak ringing region. In this prototype, the MCP detector is
mounted on the top of the tube facing the photo-ionization region. To shield the background from
UV laser, we used gaskets with 6 mm diameter holes between the window and cube, and 6 mm

40

5.2. PHOTO-IONIZATION: MUON DETECTION SCHEME

diameter collimators on the windows. However, it is difficult to eliminate the light scattering on
collimators and gaskets. Moreover, another drawback of this setup is that one can hardly align
the laser in the center without shooting the laser on the target. A UV laser at high energy of
more than 1.5 mJ can damage the SiO2 target. In addition, gaskets with small holes are not ideal
for vacuum pumping. Therefore they are removed for subsequent prototypes.

Version b

In the second version b) we added CF40 tubes along the laser path to avoid the direct influence
of the laser. The existence of these two tubes also avoids the scattered light from the laser-side
windows to be reflected inside the chamber. Otherwise, the reflected light produces a huge photo
peak, and its ringing will affect the muon TOF region.

Figure 5.4: Hydrogen signal and background when firing the laser at 1 mJ. Setup Version b is
applied in this test.

Figure 5.4 shows the signal measured with version b). At an energy of 1 mJ, the laser produces
a -200 mV photo-peak signal at 0s. Blue and red curves correspond to signals when hydrogen is
fed into the detection chamber, together with on- or off-resonance laser pulses for the hydrogen
1S-2S transition. At 0.93 µs TOF delay, an apparent hydrogen peak responding to frequency
change appears, consistent with the SIMION simulation. All four curves showed a peak at around
0.7 µs. The origin of this peak was unknown because no common particle having a smaller
mass-to-charge ratio than the proton is expected to occur in this experiment on a hydrogen
beamline. We investigated whether the peak is caused by particles coming from the grids but
no obvious evidence can prove it. Most likely, it may be related to secondary particles induced
by laser scattering. SIMION simulation predicts that the ROI for muonium is around 0.27µs

41

Commissioning with residual hydrogen in  
vacuum chamber+ pulsed UV laser
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laser system, we have observed similar powers on significantly longer time scales (See Fig. 2).
We measure a slight degradation of ⇠1-2% per hour in total power, which we attribute to damage
on the 244 nm coating of the dichroic output coupler (OC1). This damage is visible by eye upon
inspection, and the power can be recovered by moving to a new spot on the output coupler.

The 244 nm light is enhanced in a linear, vacuum cavity consisting of commercial, dielectric
mirrors coated through electron beam evaporation by LaserOptik GmbH. The input coupler
(IC2) used was interchanged between a HfO2/Al2O3 coating on a SiO2 substrate or a MgF2/LaF3
coating on a CaF2 substrate, which we will refer to from this point forward as the oxide-IC and
fluoride-IC, respectively. Both input couplers were flat with a measured transmission of 0.015
for the oxide-IC and 0.024 for the fluoride-IC. Only a fluoride-coated mirror was used for the
high reflector (HR), with the same coating and substrate as the fluoride-IC, albeit more dielectric
stacks to increase the reflectivity. The HR has a 4 m radius of curvature and a manufacturer
specified reflectivity >98.5%. The mirrors are 0.50 m apart, and the Gaussian beam inside
the cavity is approximately collimated with a beam waist of ⇠0.3 mm. One spherical lens and
two cylindrical lenses (to compensate for walk-o� in the CLBO) are used for mode matching
into cavity. When optimally aligned, measurements of the rejection signal ratio indicate input
coupling e�ciency of 80%. We isolate the back-reflected power using a polarizing beam-splitter
and a Faraday rotation stage. A portion of this back-reflected signal is used for PDH locking,
where the HR is mounted on an annular PZT stack (PZT3, CTS NAC2123-H20-C01) using the
method described in [31] for active stabilization.

The transmitted power through the HR is used to monitor the intracavity power with a
calibrated UV thermal power meter (PM2, Thorlabs S401C). This, combined with the measured
HR transmission (THR = 0.0012), yields the intracavity power, Pcav. As seen in Fig. 1, the input
power, Po is monitored with a sensitive, calibrated UV photodiode (PM1, Thorlabs S120VC)

Fig. 1. Experimental setup: 244 nm radiation is generated through a frequency quadrupled
ytterbium-doped fiber amplified laser system. This radiation is then coupled into a vacuum
enhancement cavity. Extended cavity diode laser (ECDL), tapered amplifier (TA), second
harmonic generation (SHG), lithium triborate (LBO), polarizing beam splitter (PBS), electro-
optic modulator (EOM), L1-L5 (mode matching lenses), photodiode (PD), power monitor
(PM), caesium lithium borate (CLBO), input coupler (IC), output coupler (OC), high reflector
(HR), piezoelectric transducer stack (PZT).

Laser setupGPS-

Disciplined

MCP

tion uses a standard bow tie geometry and is maintained on resonance using
the Pound-Drever-Hall (PDH) locking technique [29]. A slow piezoelectric
(PZT) stack (CTS NAC2123-H20-C01) and fast PZT chip (CTS NAC2122-
C04) are used for active length stabilization, with the latter mounted using
the technique described in [30]. The cavity mirrors (LaserOptik Gmbh) con-
sist of a 2.5% transmission input coupler and three HR mirrors at 488 nm
(< 99.8%); two of these mirrors have a radius of curvature of 200 mm to
focus the beam within the doubling crystal with a waist of 47 µm by 44 µm .
The doubling occurs in a 10mm long Brewster-cut Caesium Lithium Borate
(CLBO) crystal (Oxide) in a Type-1 critical phase matching configuration
(✓ = 76.4�,� = 45�). The hygroscopic crystal is kept at 150 �C in an Al oven
and flushed continuously with oxygen. A dichroic Brewster plate (Spectral
Optics) couples the UV radiation out of the cavity.

As was shown in [6], the CLBO can output >1W of radiation on the one
hour time scale with no evidence of degradation. Enabled by the increased
stability in the IR and blue stages of our laser system, we have observed
similar powers on significantly longer time scales (See Fig. 2). We measure
a slight degradation of ⇠1-2% per hour in total power, which we attribute
to damage on the 244 nm coating of the output coupler. This damage is
visible by eye upon inspection, and the power can be recovered by moving
to a new spot on the output coupler.

Figure 2: Performance of the 244 nm laser system over long time scales. The
laser can output 1W of 244 nm power over several hour time scales with-
out degradation of the CLBO crystal. We attribute the slow degradation
observed to damage of the output coupler.

The 244 nm light is enhanced in a linear, vacuum cavity composed of
two calcium fluoride (CaF2) substrates coated with fluoride through elec-
tron beam evaporation (LaserOptik Gmbh). The input coupler (IC) is flat
with a measured transmission of 0.024, and the curved (radius of curvature

4

More than 1.8W UV max. output

Mu-MASS: Laser system

Designed based on Z. Burkley, A. D. Brandt, C. Rasor, S. F. Cooper, and D. C. Yost, Appl. Opt., 58(7):1657–1661 (2019)  

Stable 1W UV operation
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Mu-MASS: Laser system

9

a)

b)

muon 
beam 

muon 
beam 

steel frame

Si Target

Si Target

Light baffles Detector
Area

Detector
Area

Mirror Actuators Flexible Couplers

cryostat

cryostat

FIG. 5: a) The enhancement cavity currently used by the Mu-MASS collaboration (EC1). The muon

beam is sent onto a Silica target where muonium is produced. Cavity-enhanced radiation at 244 nm

excites the muonium to the 2S state for spectroscopy. Mirrors are held within 2.75” cubes which are

rigidly attached to the central 6” measurement cube. The three cubes are rigidly attached. Within each

tee is a narrow channel so that di↵erential pumping is possible. The di↵erential pumping is necessary

so that a small ammount of oxygen can be present in the mirror cavities to prevent degradation [22].

The central cube is rigidly attached to both a cryostat and the LEM beamline. b) Our proposed

upgrade (EC2): The cavity mirror cubes are bolted to a heavy steel frame and connected to the

main spectroscopy cube through a flexible bellows. The cavity enhanced radiation passes through

light ba✏es. In order to align through these ba✏es we will use mirror mounts with piezo-motors

(picomotors) used as adjusters.

believe this cavity can be carefully engineered to directly address the list items 1-4 above and

includes a number of improvements that we believe will be critical to a final measurement at

the Mu-MASS precision goal. List item 5 above (the need for detector development) could also

be pursued at CSU in parallel.

To construct and test this enhancement cavity second enhancement cavity (EC2), we will

leverage the experience and equipment already present in our lab – we already have a high

About 500 mW input 20 W in enhancement 
cavity with new CaF2 substrate and  MgF2/
LaF3 dielectric coating minimising the need 
for O2 to prevent neon moderator degradation 
(vs SiO2, HfO2/Al2O3) 

. 
 

Differential 
pumping

Differential 
pumping

O2 (10-4 mbar) O2 (10-4 mbar)

performance of the mirrors at high intracavity powers with a continuous
oxygen purge of 10�4mbar to 1mbar is shown in Fig. 6. With SiO2, we
observe a rapid initial drop in enhancement, that increases with decreasing
oxygen pressure. However, with CaF2, we see stable powers over the entire
range of oxygen pressures.

(a) 1mbar of O2.
15W of intra-cavity power for CaF2 IC,

17W start power for SiO2 IC.

(b) 10�1 mbar of O2.
15W intra-cavity power for CaF2 IC,

12W start power SiO2 IC.

(c) 10�3 mbar of O2.
18W intra-cavity power for CaF2 IC,
13W intra-cavity start power for SiO2

IC.

(d) 10�4 mbar of O2.
18W intra-cavity power for CaF2 IC,

12W start power for SiO2 IC.

Figure 6: Enhancement versus time of CaF2 IC versus SiO2 IC at di↵erent
O2 pressures.

As was the case with Figs. 3a-3d, Figs. 6a-6d were measured continu-
ously for CaF2. Unlike the high vacuum case, we do not observe a noticeable
drop in enhancement over this four hour time scale, indicating improved per-
formance in oxygen. To test this, we moved to a new spot on the CaF2 IC,
and measured for four hours at 10�3mbar as seen in Fig. 7. After an initial
slight decrease in enhancement, we observe degradation-free performance
over this time scale. We attribute the initial drop in the first 30 minutes
to thermal heating of the optics before the enhancement cavity, which can
a↵ect the input coupling e�ciency.

To our knowledge, CW intracavity powers between 5W to 30W at these
deep-UV wavelengths have been only demonstrated once before [9]. They
used SiO2 mirrors and observed rapid (<1min) degradation of the mirrors
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Z. Burkley, L. de Sousa Borges, B. Ohayon, A. Golovozin, J. Zhang, and P. Crivelli Opt. Express 29,  27450 (2021)

20 W, 10−4 mbar of O2

dation for both coatings. However, there appears to be slow oscillations of
small amplitude, with the SiO2 input coupler. As we increase the intracavity
powers by inserting more input power (Figs. 3b-3d), we observe an increased
rate of degradation with the SiO2 IC, limiting the asymptotic power to a
few watts. Small amplitude, slow oscillations are also observed in these
measurements, and appear to relax on a shorter time scale for increased
starting powers. At higher powers, the enhancement factor decreases by
approximately a factor of two in one hour, with a rate that decreases as the
overall enhancement factor decreases. Similar to what was observed in [9],
degradation is easily visible on the coating after inspection. For CaF2, the

(a) 1.5W intra-cavity power for both
input couplers.

(b) 3W intra-cavity power for both
input couplers.

(c) 5W intra-cavity power for CaF2 IC,
5.5W start power for SiO2 IC.

(d) 10W intra-cavity power for CaF2 IC,
9W start power for SiO2 IC.

Figure 3: Enhancement versus time of CaF2 IC versus SiO2 IC for di↵erent
intracavity powers at 10�8mbar.

data given in Figs. 3a-3d was measured continuously while increasing the
input power every hour. Furthermore, prior to the high vacuum measure-
ment, the CaF2 mirror was conditioned in 1⇥ 10�3mbar of O2 with 16W
of intracavity power for several hours. As seen in Figs. 3a-3d, performance
with the CaF2 IC is stable on one hour timescales with up to 10W of intra-
cavity power. A slight decrease in the enhancement from 40 to 34 is visible.
We attribute the drop in enhancement to a slow degradation of the CaF2

input coupler. Rotating the IC is su�cient to regain enhancement, and
upon careful inspection, an inhomogeneity in the coating is visible by eye
after running at these high powers in high vacuum for an extended period.

6

10 W, vacuum 10-8 mbar
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Mu-MASS: enhancement cavity QCW operation
Tagged muon rate ∼ 5 kHz and TOF ∼1 microsecond -> duty cycle 0.5 %  
“Laser on demand” reduce average power 0.5% * 40W = 200mW in cavity  
and to ~ 0.5% * 1W = 5mW @ UV output 

 
 

A. Golovizin, 08.06.2022, GRASIAN workshop

Research Article Vol. 29, No. 17 / 16 Aug 2021 / Optics Express 27452

laser system, we have observed similar powers on significantly longer time scales (See Fig. 2).
We measure a slight degradation of ⇠1-2% per hour in total power, which we attribute to damage
on the 244 nm coating of the dichroic output coupler (OC1). This damage is visible by eye upon
inspection, and the power can be recovered by moving to a new spot on the output coupler.

The 244 nm light is enhanced in a linear, vacuum cavity consisting of commercial, dielectric
mirrors coated through electron beam evaporation by LaserOptik GmbH. The input coupler
(IC2) used was interchanged between a HfO2/Al2O3 coating on a SiO2 substrate or a MgF2/LaF3
coating on a CaF2 substrate, which we will refer to from this point forward as the oxide-IC and
fluoride-IC, respectively. Both input couplers were flat with a measured transmission of 0.015
for the oxide-IC and 0.024 for the fluoride-IC. Only a fluoride-coated mirror was used for the
high reflector (HR), with the same coating and substrate as the fluoride-IC, albeit more dielectric
stacks to increase the reflectivity. The HR has a 4 m radius of curvature and a manufacturer
specified reflectivity >98.5%. The mirrors are 0.50 m apart, and the Gaussian beam inside
the cavity is approximately collimated with a beam waist of ⇠0.3 mm. One spherical lens and
two cylindrical lenses (to compensate for walk-o� in the CLBO) are used for mode matching
into cavity. When optimally aligned, measurements of the rejection signal ratio indicate input
coupling e�ciency of 80%. We isolate the back-reflected power using a polarizing beam-splitter
and a Faraday rotation stage. A portion of this back-reflected signal is used for PDH locking,
where the HR is mounted on an annular PZT stack (PZT3, CTS NAC2123-H20-C01) using the
method described in [31] for active stabilization.

The transmitted power through the HR is used to monitor the intracavity power with a
calibrated UV thermal power meter (PM2, Thorlabs S401C). This, combined with the measured
HR transmission (THR = 0.0012), yields the intracavity power, Pcav. As seen in Fig. 1, the input
power, Po is monitored with a sensitive, calibrated UV photodiode (PM1, Thorlabs S120VC)

Fig. 1. Experimental setup: 244 nm radiation is generated through a frequency quadrupled
ytterbium-doped fiber amplified laser system. This radiation is then coupled into a vacuum
enhancement cavity. Extended cavity diode laser (ECDL), tapered amplifier (TA), second
harmonic generation (SHG), lithium triborate (LBO), polarizing beam splitter (PBS), electro-
optic modulator (EOM), L1-L5 (mode matching lenses), photodiode (PD), power monitor
(PM), caesium lithium borate (CLBO), input coupler (IC), output coupler (OC), high reflector
(HR), piezoelectric transducer stack (PZT).
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Product Overview 
These modulators have been specially designed for applications where high optical 

power is involved and Te02 cannot be used. Due to the large aperture and in most 

cases, no additional optics is required. They cover the VIS range up to 650 nm and they 

are suitable for DPSS 532 nm or AR + lasers. 

Common applications include intensity modulators, fixed frequency shifters and also 

variable frequency shifters in the range 110 +/- 15 MHz. 
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 Linear polarization. 
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Frequency range 110+/-15MHz, Scan angle 2.78mrd 

@532, Efficiency >70% over full range 
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Preliminary tests very promising!



||Paolo Crivelli 23.06.2022

Summary and outlook for 1S-2S measurement

14

Dark  
Sector

CURRENT STATUS:  
- Detection of 2S states achieved but S/N has to be improved
- Laser system, 20W circulating power achieved   
- Frequency reference for the experiment is ready. 
- Last November 2021 first attempts to excite 1S-2S transition using a 

pulsed laser detecting the PI muons + decaying positron -> all sort of 
problems… 

-
  
 
OUTLOOK 2022-: 
- Next week: 5 days beam-time to test improved detection scheme (basically BKG 

measurement) + M diagnostic  
- December beam-time: combine for the first time CW laser system + experiment at 

LEM 
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Muonium formation with a C-foil
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Fig. 2 Histograms obtained from the dataset of 10 keV Einc after back-
ground subtraction. The solid line data is with rejection field on and
corresponds to pure M signal. The dotted data is with rejection elec-
trode off and corresponds to M and µ+ signal. The filled bins were
used to extract M fractions, whereas the hollow bins were ignored due
to large statistical uncertainty and additional background.

a-MCP) surrounding the quenching area. The beam exiting
the quenching region, now containing predominantly M(1S)
and µ+, reaches a rejection electrode at high voltage (Einc
+ 1 kV) that only allows passage of M(1S) by blocking µ+.
The surviving M(1S) impinge onto an MCP (Stop-MCP),
providing the stop signal.

3 Muonium fractions at different energies

The fraction of M formed out of the incident muon beam,
fM/µ+ , is extracted from coincidence events between the
Tag- and Stop-MCP with the rejection electrode turned on
or off for different Einc. The TOF spectra for rejection off
(M+µ+) and rejection on (M), after a subtraction of a con-
stant background of 0.1 counts/min, are divided into time
bins, with the results for 10 keV incident µ+ shown in Fig. 2.

An extension stage can be added between the carbon foil
and the quenching region to extend the travelling distance.
The resulting increase in TOF allows the extraction of the
velocity and thus energy distributions of both µ+ and M af-
ter the foil, which are not known a priori. Additionally, the
extension stage ensures that all 2P states, as well as higher
lying states produced in the foil [42], decay prior to reaching
the quenching region. For 10 keV incident µ+, the spectra
were measured with and without the extension stage (Fig. 3).
A Landau distribution was found to describe well the TOF
spectra. In addition to the length of the stage and the en-
tire distance between foil and Stop-MCP, the time offset of
the detection system was determined with a linear fit to be
t0 = 51± 4 ns. As the extension stage was always present
during the measurements with Einc of 5.0 and 7.5 keV, t0
and the total length were used to convert these TOF spectra
to the energy distributions presented in Fig. 4.
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Fig. 3 TOF distributions of M for 10 keV µ+ incident on the foil, with
(dark blue) and without (light orange) extension stage. The errors on
the rate are from statistics. A Landau distribution was used for fitting
the spectra.

We found that the most probable energy loss in the foil
is 2.3�3.0 keV (see Table 1). The foil thickness can be de-
rived from the results for the Most Probable Energy (MPE)
and the corresponding energy distributions by comparing
them with the LEM Geant4 simulation, in which an effec-
tive, calibrated interaction with the foil is implemented [40].
We find that a thickness of 15 nm is most probable, which
is more than the 10 nm specified by the manufacturer. This
fact is not surprising considering the differences between the
nominal and derived carbon foil thicknesses determined in
[43]. From our knowledge of the M fractions and resid-
ual energy distributions, we can determine the M conversion
rate of our foil in this low incident muon energy range. The
results are shown in Fig. 5. The errors in the fractions are
dominated by statistics, and those in the mean residual en-
ergy are correlated and arise from the uncertainty of t0. Our
results demonstrate that in the energy range probed, a high
conversion rate to M is achieved, leading to the expectation
that a sizeable amount of M(2S) is also produced [37].
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Fig. 4 Energy distributions of M reaching the Stop-MCP, measured at
three different Einc. Areas are normalized to 1.
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Fig. 5 M fraction measured as a function of residual energy after the
foil.

4 Determination of M(2S) fraction

The fraction of M(2S) of the total M produced, f2S/M, is ex-
tracted from triple coincidence events between the Tag, Ly-
a , and Stop-MCPs with the quenching electrodes turned on
or off, while keeping the rejection electrode turned on. The
rate of triple coincidence events, RT, indicative of M(2S),
is then compared to the rate of double coincidence events
between the Tag and Stop-MCPs, RD, indicative of M. The
clear triple-coincidence Ly-a signal is shown in Fig. 6 for
Einc of 10 keV. The Ly-a signal can be seen in the expected
time window calculated using the energy distributions from
Fig. 4 and the distance, including the extension stage, be-
tween foil and the quenching area. Taking into account the
photon detection efficiencies, the resulting fraction of M(2S)
out of the total M is

f2S/M =
RT

RD · eQG · eMCP
, (1)
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Fig. 6 Time-of-flight distributions of the counts in the Ly-a-MCPs,
obtained from the triple coincidence dataset of 10 keV Einc. The dot-
ted data is with quenching electrodes turned on, the solid data is with
quenching off. The coloured area is the time window of interest, where
the Ly-a signal is to be expected.

where eMCP stands for the Ly-a detection efficiency of the
MCP, and eQG for the combined efficiency for quenching as
well as the solid angle covered by the detectors. The quench-
ing and geometrical efficiency of the Ly-a detection stage
are correlated, and depend on the M velocity, since the po-
sition the M(2S) reaches before quenching affects the solid
angle. To determine eQG, we performed a full 3D Monte-
Carlo simulation of the particle motion and photon emission
inside the static electric field using the SIMION 8.1 pack-
age [44]. The position distribution of the particles at the de-
tector entrance was taken from the GEANT4 beamline sim-
ulation with the calibrated foil thickness, taking into account
the coincidence detection in the Stop-MCP. Additionally,
the anisotropy of the photon emission relative to the elec-
tric field direction [45], and the transparency of the grids on
the detectors, were included. The total efficiency is shown in
Fig. 7. Folding it with the measured energy distributions, we
get eQG = 36.4± 0.3% and eQG = 37.0± 0.3%, for Einc of
7.5 and 10 keV, respectively. The MCP detection efficiency
for Ly-a can be estimated through eMCP =OAR ·eCsI, where
OAR stands for the open-area-ratio of the MCP itself and
is 0.45 in our case. The quantum yield of the conversion
from Ly-a to an electron in the CsI, eCsI, is in the range of
0.45�0.55 [46,47]. This leads to eMCP = 0.22±0.02. The
f2S/M values, calculated according to Eq. 1, are summarized
in Table 1 for Einc of 7.5 and 10 keV. Stronger scattering
of the muon beam by the foil at 5 keV Einc prevented us
from obtaining the reliable triple-coincidence signal needed
to extract the 2S fraction. Assuming, in accordance with hy-
drogen in a comparable velocity range (see Fig. 3.1 of [32]),
that the 2S fraction is nearly constant above 1 keV, we ob-
tain a weighted average value of f2S/M = 10 ± 2%. This
value agrees with estimations in the literature which span
10�13% in this energy range [18,26,32].

Fig. 7 Results of Monte-Carlo simulation for the quenching and geo-
metrical efficiency as a function of energy. The inset portrays a simu-
lated valid event where M(2S) enters the detection region, is quenched
by the static field created by the two circular electrodes, and emits a
photon which reached one of the detectors.
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The fraction of M(2S) of the total M produced, f2S/M, is ex-
tracted from triple coincidence events between the Tag, Ly-
a , and Stop-MCPs with the quenching electrodes turned on
or off, while keeping the rejection electrode turned on. The
rate of triple coincidence events, RT, indicative of M(2S),
is then compared to the rate of double coincidence events
between the Tag and Stop-MCPs, RD, indicative of M. The
clear triple-coincidence Ly-a signal is shown in Fig. 6 for
Einc of 10 keV. The Ly-a signal can be seen in the expected
time window calculated using the energy distributions from
Fig. 4 and the distance, including the extension stage, be-
tween foil and the quenching area. Taking into account the
photon detection efficiencies, the resulting fraction of M(2S)
out of the total M is

f2S/M =
RT

RD · eQG · eMCP
, (1)
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Fig. 6 Time-of-flight distributions of the counts in the Ly-a-MCPs,
obtained from the triple coincidence dataset of 10 keV Einc. The dot-
ted data is with quenching electrodes turned on, the solid data is with
quenching off. The coloured area is the time window of interest, where
the Ly-a signal is to be expected.

where eMCP stands for the Ly-a detection efficiency of the
MCP, and eQG for the combined efficiency for quenching as
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ing and geometrical efficiency of the Ly-a detection stage
are correlated, and depend on the M velocity, since the po-
sition the M(2S) reaches before quenching affects the solid
angle. To determine eQG, we performed a full 3D Monte-
Carlo simulation of the particle motion and photon emission
inside the static electric field using the SIMION 8.1 pack-
age [44]. The position distribution of the particles at the de-
tector entrance was taken from the GEANT4 beamline sim-
ulation with the calibrated foil thickness, taking into account
the coincidence detection in the Stop-MCP. Additionally,
the anisotropy of the photon emission relative to the elec-
tric field direction [45], and the transparency of the grids on
the detectors, were included. The total efficiency is shown in
Fig. 7. Folding it with the measured energy distributions, we
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for Ly-a can be estimated through eMCP =OAR ·eCsI, where
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from Ly-a to an electron in the CsI, eCsI, is in the range of
0.45�0.55 [46,47]. This leads to eMCP = 0.22±0.02. The
f2S/M values, calculated according to Eq. 1, are summarized
in Table 1 for Einc of 7.5 and 10 keV. Stronger scattering
of the muon beam by the foil at 5 keV Einc prevented us
from obtaining the reliable triple-coincidence signal needed
to extract the 2S fraction. Assuming, in accordance with hy-
drogen in a comparable velocity range (see Fig. 3.1 of [32]),
that the 2S fraction is nearly constant above 1 keV, we ob-
tain a weighted average value of f2S/M = 10 ± 2%. This
value agrees with estimations in the literature which span
10�13% in this energy range [18,26,32].
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The fraction of M(2S) of the total M produced, f2S/M, is ex-
tracted from triple coincidence events between the Tag, Ly-
a , and Stop-MCPs with the quenching electrodes turned on
or off, while keeping the rejection electrode turned on. The
rate of triple coincidence events, RT, indicative of M(2S),
is then compared to the rate of double coincidence events
between the Tag and Stop-MCPs, RD, indicative of M. The
clear triple-coincidence Ly-a signal is shown in Fig. 6 for
Einc of 10 keV. The Ly-a signal can be seen in the expected
time window calculated using the energy distributions from
Fig. 4 and the distance, including the extension stage, be-
tween foil and the quenching area. Taking into account the
photon detection efficiencies, the resulting fraction of M(2S)
out of the total M is
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Fig. 6 Time-of-flight distributions of the counts in the Ly-a-MCPs,
obtained from the triple coincidence dataset of 10 keV Einc. The dot-
ted data is with quenching electrodes turned on, the solid data is with
quenching off. The coloured area is the time window of interest, where
the Ly-a signal is to be expected.

where eMCP stands for the Ly-a detection efficiency of the
MCP, and eQG for the combined efficiency for quenching as
well as the solid angle covered by the detectors. The quench-
ing and geometrical efficiency of the Ly-a detection stage
are correlated, and depend on the M velocity, since the po-
sition the M(2S) reaches before quenching affects the solid
angle. To determine eQG, we performed a full 3D Monte-
Carlo simulation of the particle motion and photon emission
inside the static electric field using the SIMION 8.1 pack-
age [44]. The position distribution of the particles at the de-
tector entrance was taken from the GEANT4 beamline sim-
ulation with the calibrated foil thickness, taking into account
the coincidence detection in the Stop-MCP. Additionally,
the anisotropy of the photon emission relative to the elec-
tric field direction [45], and the transparency of the grids on
the detectors, were included. The total efficiency is shown in
Fig. 7. Folding it with the measured energy distributions, we
get eQG = 36.4± 0.3% and eQG = 37.0± 0.3%, for Einc of
7.5 and 10 keV, respectively. The MCP detection efficiency
for Ly-a can be estimated through eMCP =OAR ·eCsI, where
OAR stands for the open-area-ratio of the MCP itself and
is 0.45 in our case. The quantum yield of the conversion
from Ly-a to an electron in the CsI, eCsI, is in the range of
0.45�0.55 [46,47]. This leads to eMCP = 0.22±0.02. The
f2S/M values, calculated according to Eq. 1, are summarized
in Table 1 for Einc of 7.5 and 10 keV. Stronger scattering
of the muon beam by the foil at 5 keV Einc prevented us
from obtaining the reliable triple-coincidence signal needed
to extract the 2S fraction. Assuming, in accordance with hy-
drogen in a comparable velocity range (see Fig. 3.1 of [32]),
that the 2S fraction is nearly constant above 1 keV, we ob-
tain a weighted average value of f2S/M = 10 ± 2%. This
value agrees with estimations in the literature which span
10�13% in this energy range [18,26,32].

Fig. 7 Results of Monte-Carlo simulation for the quenching and geo-
metrical efficiency as a function of energy. The inset portrays a simu-
lated valid event where M(2S) enters the detection region, is quenched
by the static field created by the two circular electrodes, and emits a
photon which reached one of the detectors.

Quenching efficiency and   
geometrical acceptance  
from MC + detection efficiency 
confirms 1/n3 scaling

G. Janka et al., Eur. Phys. J. C (2020) 80: 804
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Leading order corrections: 

We characterize their first order energy corrections in the following, with 𝑛, 𝑙, 𝑚, 𝑠 and 𝑚𝑠 
denote the principal quantum number, quantum angular momentum number, magnetic 
quantum number, primary quantum spin number and secondary quantum spin number 
respectively: 

〈𝑉𝑠𝑠〉 = −
𝑔1𝑠𝑔2𝑠

4𝜋
 𝐹𝑛,𝑙1 (𝑀)   (8) 

〈𝑉𝑝𝑠〉 = 0   (9) 

〈𝑉𝑝𝑝〉 = −
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16𝜋𝑚1𝑚2
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1
3
𝐺𝑠𝐹𝑛,𝑙4 (𝑀) −𝑀2𝐻𝑙,𝑚

𝑠,𝑚𝑠𝐹𝑛,𝑙1 (𝑀)]   (10) 
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Where: 

𝐺𝑠 = { 1, 𝑠 = 1−3, 𝑠 = 0   (14) 
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2𝑙+1

(𝑙
2−𝑚2

2𝑙−1
+ (𝑙+1)2−𝑚2

2𝑙+3
) , 𝑠 = 1 𝑚𝑠 = ±1

1 − 2𝐻𝑙,𝑚
1,±1, 𝑠 = 1 𝑚𝑠 = 0
−1, 𝑠 = 0 

 (15) 

𝐹𝑛,𝑙𝑘 (𝑀) =

{
  
 

  
 〈𝑒

−𝑀𝑟

𝑟
〉𝑛,𝑙 , 𝑘 = 1

〈𝑒
−𝑀𝑟

𝑟2
〉𝑛,𝑙  , 𝑘 = 2

〈𝑒
−𝑀𝑟

𝑟3
〉𝑛,𝑙 , 𝑘 = 3

〈𝛿(𝑟)𝑒
−𝑀𝑟

𝑟2
〉𝑛,𝑙  , 𝑘 = 4

 (16) 
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Listed below are the potentials we will be examining here, as given by the article [1]: 

The Scalar-Scalar Potential: 

 𝑉𝑠𝑠(𝑟) = −𝑔1
𝑠𝑔2

𝑠 𝑒−𝑀𝑟

4𝜋𝑟
  (2) 

The Pseudoscalar-Scalar Potential:  

𝑉𝑝𝑠(𝑟) = −𝑔1
𝑝𝑔2

𝑠�⃗�1 ∙ �̂� ( 1
𝑟2 + 𝑀

𝑟
) 𝑒−𝑀𝑟

8𝜋𝑚1
  (3) 

The Pseudoscalar-Pseudoscalar Potential: 

 𝑉𝑝𝑝(𝑟) = − 𝑔1
𝑝𝑔2

𝑝

4
(�⃗�1 ∙ �⃗�2 ( 1

𝑟3 + 𝑀
𝑟2 + 4𝜋

3
𝛿(𝑟)) − (�⃗�1 ∙ �̂�)(�⃗�2 ∙ �̂�) ( 3

𝑟3 + 3𝑀
𝑟2 + 𝑀2

𝑟
)) 𝑒−𝑀𝑟

4𝜋𝑚1𝑚2
    (4) 

The Vector-Vector Potential: 

𝑉𝑉𝑉(𝑟) = 𝑔1
𝑉𝑔2

𝑉 𝑒−𝑀𝑟

4𝜋𝑟
+ 

+ 𝑔1
𝑉𝑔2

𝑉

4
(�⃗�1 ∙ �⃗�2 ( 1

𝑟3 + 𝑀
𝑟2 + 𝑀2

𝑟
− 8𝜋

3
𝛿(𝑟)) − (�⃗�1 ∙ �̂�)(�⃗�2 ∙ �̂�) ( 3

𝑟3 + 3𝑀
𝑟2 + 𝑀2

𝑟
)) 𝑒−𝑀𝑟

4𝜋𝑚1𝑚2
  (5) 

The Pseudotensor-Vector Potential: 

𝑉𝐴𝑉(𝑟) = 𝑔1
𝐴𝑔2

𝑉�⃗�1 ∙ { �⃗�1
𝑚1

− �⃗�2
𝑚2

, 𝑒−𝑀𝑟

8𝜋𝑟
} − 1

2
(�⃗�1 × �⃗�2) ∙ �̂� ( 1

𝑟2 + 𝑀
𝑟

) 𝑒−𝑀𝑟

4𝜋𝑚2
    (6) 

The Pseudotensor-Pseudotensor Potential: 

𝑉𝐴𝐴(𝑟) = −𝑔1
𝐴𝑔2

𝐴�⃗�1 ∙ �⃗�2
𝑒−𝑀𝑟

4𝜋𝑟
− 

− 𝑔1
𝐴𝑔2

𝐴𝑚1𝑚2
𝑀2 (�⃗�1 ∙ �⃗�2 ( 1

𝑟3 + 𝑀
𝑟2 + 4𝜋

3
𝛿(𝑟)) − (�⃗�1 ∙ �̂�)(�⃗�2 ∙ �̂�) ( 3

𝑟3 + 3𝑀
𝑟2 + 𝑀2

𝑟
)) 𝑒−𝑀𝑟

4𝜋𝑚1𝑚2
  (7) 

 

 

 

 

 

 

 

▪  New bosons could mediate new forces resulting in shifts of Ps and M energy levels.

▪ Leading order corrections: 

2 
 

Leading order corrections: 

We characterize their first order energy corrections in the following, with 𝑛, 𝑙, 𝑚, 𝑠 and 𝑚𝑠 
denote the principal quantum number, quantum angular momentum number, magnetic 
quantum number, primary quantum spin number and secondary quantum spin number 
respectively: 

〈𝑉𝑠𝑠〉 = −
𝑔1𝑠𝑔2𝑠

4𝜋
 𝐹𝑛,𝑙1 (𝑀)   (8) 

〈𝑉𝑝𝑠〉 = 0   (9) 

〈𝑉𝑝𝑝〉 = −
𝑔1
𝑝𝑔2

𝑝

16𝜋𝑚1𝑚2
[(𝐺𝑠 − 3𝐻𝑙,𝑚

𝑠,𝑚𝑠) (𝐹𝑛,𝑙3 (𝑀) +𝑀𝐹𝑛,𝑙2 (𝑀)) + 

1
3
𝐺𝑠𝐹𝑛,𝑙4 (𝑀) −𝑀2𝐻𝑙,𝑚

𝑠,𝑚𝑠𝐹𝑛,𝑙1 (𝑀)]   (10) 

〈𝑉𝑉𝑉〉 =
𝑔1𝑉𝑔2𝑉

4𝜋
𝐹𝑛,𝑙1 (𝑀) +

𝑔1𝑉𝑔2𝑉

16𝜋𝑚1𝑚2
[(𝐺𝑠 − 3𝐻𝑙,𝑚

𝑠,𝑚𝑠) (𝐹𝑛,𝑙3 (𝑀) +𝑀𝐹𝑛,𝑙2 (𝑀)) − 

2
3
𝐺𝑠𝐹𝑛,𝑙4 (𝑀) +𝑀2(𝐺𝑠 − 𝐻𝑙,𝑚

𝑠,𝑚𝑠)𝐹𝑛,𝑙1 (𝑀)]   (11) 

〈𝑉𝐴𝑉〉 = 0   (12) 

〈𝑉𝐴𝐴〉 = −
𝑔1𝐴𝑔2𝐴

4𝜋
𝐺𝑠𝐹𝑛,𝑙1 (𝑀) −

𝑔1𝐴𝑔2𝐴

4𝜋𝑀2 [(𝐺
𝑠 − 3𝐻𝑙,𝑚

𝑠,𝑚𝑠) (𝐹𝑛,𝑙3 (𝑀) +𝑀𝐹𝑛,𝑙2 (𝑀)) + 

1
3
𝐺𝑠𝐹𝑛,𝑙4 (𝑀) −𝑀2𝐻𝑙,𝑚

𝑠,𝑚𝑠𝐹𝑛,𝑙1 (𝑀)]   (13) 

Where: 

𝐺𝑠 = { 1, 𝑠 = 1−3, 𝑠 = 0   (14) 

𝐻𝑙,𝑚
𝑠,𝑚𝑠 = {

1
2𝑙+1

(𝑙
2−𝑚2

2𝑙−1
+ (𝑙+1)2−𝑚2

2𝑙+3
) , 𝑠 = 1 𝑚𝑠 = ±1

1 − 2𝐻𝑙,𝑚
1,±1, 𝑠 = 1 𝑚𝑠 = 0
−1, 𝑠 = 0 

 (15) 

𝐹𝑛,𝑙𝑘 (𝑀) =

{
  
 

  
 〈𝑒

−𝑀𝑟

𝑟
〉𝑛,𝑙 , 𝑘 = 1

〈𝑒
−𝑀𝑟

𝑟2
〉𝑛,𝑙  , 𝑘 = 2

〈𝑒
−𝑀𝑟

𝑟3
〉𝑛,𝑙 , 𝑘 = 3

〈𝛿(𝑟)𝑒
−𝑀𝑟

𝑟2
〉𝑛,𝑙  , 𝑘 = 4

 (16) 
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Where: 
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𝑟
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The following tables summarize the first few values for 𝐹𝑛,𝑙
1 (𝑀), 𝐹𝑛,𝑙

2 (𝑀), 𝐹𝑛,𝑙
3 (𝑀) and 𝐻𝑙,𝑚

𝑠,𝑚𝑠: 

 𝒍 = 𝟎 𝒍 = 𝟏 𝒍 = 𝟐 

𝒏 = 𝟏 4
𝑎0(𝑀𝑎0 + 2)2 X X 

𝒏 = 𝟐 2𝑀2𝑎0
2 + 1

4𝑎0(𝑀𝑎0 + 1)4 
1

4𝑎0(𝑀𝑎0 + 1)4 X 

𝒏 = 𝟑 4(243𝑀4𝑎0
4 + 216𝑀2𝑎0

2 + 16)
9𝑎0(3𝑀𝑎0 + 2)6  

64(9𝑀2𝑎0
2 + 1)

9𝑎0(3𝑀𝑎0 + 2)6 
64

9𝑎0(3𝑀𝑎0 + 2)6 

 

 𝒍 = 𝟎 𝒍 = 𝟏 𝒍 = 𝟐 

𝒏 = 𝟏 4
𝑎0

2(𝑀𝑎0 + 2) X X 

𝒏 = 𝟐 2𝑀2𝑎0
2 + 2𝑀𝑎0 + 1

4𝑎0
2(𝑀𝑎0 + 1)3  

1
12𝑎0

2(𝑀𝑎0 + 1)3 X 

𝒏 = 𝟑 4(243𝑀4𝑎0
4 + 324𝑀3𝑎0

3 + 288𝑀2𝑎0
2 + 96𝑀𝑎0 + 16)

27𝑎0
2(3𝑀𝑎0 + 2)5  

64(9𝑀2𝑎0
2 + 3𝑀𝑎0 + 1)

81𝑎0
2(3𝑀𝑎0 + 2)5  

64
135𝑎0

2(3𝑀𝑎0 + 2)5 

 

 𝒍 = 𝟎 𝒍 = 𝟏 𝒍 = 𝟐 

𝒏 = 𝟏 Diverges X X 
𝒏 = 𝟐 Diverges 1

24𝑎0
3(𝑀𝑎0 + 1)2 X 

𝒏 = 𝟑 Diverges 16(6𝑀2𝑎0
2 + 4𝑀𝑎0 + 1)

81𝑎0
2(3𝑀𝑎0 + 2)4  

16
405𝑎0

3(3𝑀𝑎0 + 2)4 

Additionally, we have an explicit term for 𝐹𝑛,𝑙
4 (𝑀): 

〈𝛿(𝑟)𝑒−𝑀𝑟

𝑟2 〉𝑛,𝑙 = {
4

𝑎0
3𝑛3  ,   𝑙 = 0

0 ,   𝑙 ≠ 0
   (17) 

Where 𝑎0 denotes the Bohr radius in Eq.17 and the previous 3 tables. (which for Muonium is 
within 0.5% of the Bohr radius of neutral Hydrogen). 

 

 

Table (1): Radial contribution factors to expectation values of perturbations of the radial form of  𝑒
−𝑀𝑟

𝑟
. The 

results presented in the table are for the first 6 radial quantum states of a Hydrogen-like system. 

Table (2): Radial contribution factors to expectation values of perturbations of the radial form of  𝑒
−𝑀𝑟

𝑟2 . The 
results presented in the table are for the first 6 radial quantum states of a Hydrogen-like system. 

Table (3): Radial contribution factors to expectation values of perturbations of the radial form of  𝑒
−𝑀𝑟

𝑟3 . The 
results presented in the table are for the first 6 radial quantum states of a Hydrogen-like system. 

C Frugiuele et al., Phys. Rev. D100, 015010  (2019) 

 ▪  Scattering between two fermions described by different potentials  
(scalar-scalar, vector-vector…) 

▪ We focus on the scalar-scalar potential:
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 B. Abi, et al. Phys. Rev. Lett. 126, 141801 (2021)  
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Specific Transition expression for Lyman-α, hyperfine and Lamb shift 

We have chosen here Lyman-α and Lamb shift transitions preserving spin singlet states for 
simplicity and convenience. 

2𝑆0 → 1𝑆0: 

Perturbed by 𝑉𝑠𝑠: 

Δ𝐸𝑠𝑠(2𝑆0 → 1𝑆0) = 𝑔1𝑠𝑔2𝑠

4𝜋
( 4
𝑎0(𝑀𝑎0+2)2

− 2𝑀2𝑎02+1
4𝑎0(𝑀𝑎0+1)4

)   (18) 

Perturbed by 𝑉𝑝𝑝: 

Δ𝐸𝑝𝑝(2𝑆0 → 1𝑆0) = 𝑔1
𝑝𝑔2

𝑝

16𝜋𝑚1𝑚2
(𝑀2 ( 4

𝑎0(𝑀𝑎0+2)2
− 2𝑀2𝑎02+1

4𝑎0(𝑀𝑎0+1)4
) − 7

2𝑎0
3)   (19) 

Perturbed by 𝑉𝑉𝑉: 

Δ𝐸𝑉𝑉(2𝑆0 → 1𝑆0) = 𝑔1𝑉𝑔2𝑉

16𝜋𝑚1𝑚2
(𝑀2 ( 8

𝑎0(𝑀𝑎0+2)2
− 2𝑀2𝑎02+1

2𝑎0(𝑀𝑎0+1)4
) − 7

𝑎0
3) +  

𝑔1𝑉𝑔2𝑉

4𝜋
( 2𝑀2𝑎02+1
4𝑎0(𝑀𝑎0+1)4

− 4
𝑎0(𝑀𝑎0+2)2

)   (20) 

Perturbed by 𝑉𝐴𝐴: 

Δ𝐸𝐴𝐴(2𝑆0 → 1𝑆0) = 𝑔1𝐴𝑔2𝐴

4𝜋
( 2𝑀2𝑎02+1
2𝑎0(𝑀𝑎0+1)4

− 8
𝑎0(𝑀𝑎0+2)2

− 7
2𝑎0

3𝑀2) (21) 

 

1𝑆1 → 1𝑆0:   

(Is not perturbed by 𝑉𝑠𝑠) 

Perturbed by 𝑉𝑝𝑝: 

Δ𝐸𝑝𝑝(1𝑆1 → 1𝑆0) = 𝑔1
𝑝𝑔2

𝑝

16𝜋𝑚1𝑚2
( 16𝑀2

3𝑎0(𝑀𝑎0+2)2
− 16

3𝑎0
3)   (22) 

Perturbed by 𝑉𝑉𝑉: 

Δ𝐸𝑉𝑉(1𝑆1 → 1𝑆0) = 𝑔1𝑉𝑔2𝑉

16𝜋𝑚1𝑚2
( 32𝑀2

3𝑎0(𝑀𝑎0+2)2
− 32

3𝑎0
3)   (23) 

Perturbed by 𝑉𝐴𝐴: 

Δ𝐸𝐴𝐴(1𝑆1 → 1𝑆0) = −𝑔1𝐴𝑔2𝐴

4𝜋
( 32
3𝑎0(𝑀𝑎0+2)2

+ 16
3𝑎0

3𝑀2)      (24) 

 

2𝑆0 → 2𝑃0: 

Perturbed by 𝑉𝑠𝑠: 
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Δ𝐸𝑠𝑠(2𝑆0 → 2𝑃0) = 𝑔1𝑠𝑔2𝑠

4𝜋
( 1
4𝑎0(𝑀𝑎0+1)4

− 2𝑀2𝑎02+1
4𝑎0(𝑀𝑎0+1)4

)   (25) 

Perturbed by 𝑉𝑝𝑝: 

Δ𝐸𝑝𝑝(2𝑆0 → 2𝑃0) = 𝑔1
𝑝𝑔2

𝑝

16𝜋𝑚1𝑚2
( 1
2𝑎0

3 +𝑀2 ( 1
4𝑎0(𝑀𝑎0+1)4

− 2𝑀2𝑎02+1
4𝑎0(𝑀𝑎0+1)4

))   (26) 

Perturbed by 𝑉𝑉𝑉: 

Δ𝐸𝑉𝑉(2𝑆0 → 2𝑃0) = 𝑔1𝑉𝑔2𝑉

4𝜋
( 2𝑀2𝑎02+1
4𝑎0(𝑀𝑎0+1)4

− 1
4𝑎0(𝑀𝑎0+1)4

) +  

𝑔1𝑉𝑔2𝑉

16𝜋𝑚1𝑚2
(𝑀2 ( 1

2𝑎0(𝑀𝑎0+1)4
− 2𝑀2𝑎02+1

2𝑎0(𝑀𝑎0+1)4
) − 1

𝑎0
3)   (27) 

Perturbed by 𝑉𝐴𝐴: 

Δ𝐸𝐴𝐴(2𝑆0 → 2𝑃0) = 𝑔1𝐴𝑔2𝐴

4𝜋
( 1
2𝑎0

3𝑀2 −
1

2𝑎0(𝑀𝑎0+1)4
+ 2𝑀2𝑎02+1

2𝑎0(𝑀𝑎0+1)4
)  (28) 

  

▪ Perturbations
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[33]. To reproduce the field inside the TLs, for each TL
a field map is generated in SIMION, following the proce-
dure of Lundeen and Pipkin [25]. The numbers of excited
and ground state atoms detected in the Stop-MCP are
counted and from that the average excitation probabil-
ity calculated. As input parameter to the simulation we
assign to each atom an initial state with its specific reso-
nance frequency, and the power for both TLs operating at
random phases of the fields. The momentum and initial
position of the specific particle from the LEM is simu-
lated with the musrSIM package [34] beforehand, from
which the simulation randomly draws an atom.

The individual line-shape P (i), where i stands for the
assigned resonance frequency in MHz, is constructed
by simulating the excitation probability for each initial
state with large statistics over a frequency range between
200MHz to 2000MHz in steps of 1MHz. Combining all
relevant transitions, a global line-shape Pn for a n state
is obtained:

Pn=2 = 0.5 · P (1140) + 0.25 · P (583) + 0.25 · P (1326) (2)

Pn=3 = 0.5 · P (339) + 0.25 · P (174) + 0.25 · P (394), (3)

where the constant factors are coming from spin statis-
tics.

The fitting function is constructed with the simulated
line-shapes:

Sc = SBKG +
X

n

h
Bn · Pn (f � fo↵set)

i
, (4)

where Bn is scaling the line-shape Pn for a specific n state
and fo↵set is introduced to allow for a global frequency
o↵set compared to the theoretical resonance frequency
used in the simulation.

III. RESULTS

The experimental data and the fits are shown in Fig. 4.
When the data is fit without any 3S contribution and
hence B3S fixed to 0, the reduced �2 is 6.7 and one ob-
tains a �24.8(74)MHz o↵set compared to the theoretical
value. By freeing the 3S population parameter, the fit
improves to a reduced �2 of 2.0. The frequency o↵set is
found to be 2.3(68)MHz. Both fits of the data are shown
in Fig. 4, where the gray line corresponds to the fit with-
out and the black line with a B3S contribution. The
colored line-shapes represent the underlying transitions
with resonances at 583MHz (blue), 1140MHz (orange),
1326MHz (green) and a combined 3S � 3P1/2 line-shape
(yellow).

The main systematic uncertainties are similar to the
ones we calculated in Ref. [20] and total in 0.19MHz.
The results are summarized in table I. The main di↵er-
ence is that the beam contamination in form of 3S states
is taken into account in the fitting error already. Fur-
thermore, due to their dependence on the resonance fre-
quency, the systematic error stemming from the Doppler

FIG. 4. Muonium scan at 22.5W in the range of 200 to
800MHz. The fitted black line is with, the gray line with-
out the 3S contribution. The colored areas represent the un-
derlying contributions from 2S � 2P1/2 transitions, namely
583MHz (blue), 1140MHz (orange), 1326MHz (green), and
the combined 3S � 3P1/2 (yellow). The data point with TL
OFF is not displayed in the figure, but is included in the fit;
it lies at 20.4(4)⇥ 10�4.

shift is approximately halved and the one coming from
the uncertainty in the MW field intensity is doubled.

From this measurement we extract the 2S1/2, F=0 !
2P1/2, F=1 resonance frequency to be 580.6(68)MHz and
determine the M LS to be 1045.5(68)MHz. Our result
agrees well with the theoretical value and is limited by
the statistical uncertainty. A summary of all available
measured values of the M LS is shown in Fig. 5. Using
our previous results of the 2S1/2, F=1 ! 2P1/2, F=1 res-
onance frequency [20], we extract for the first time the
2S hyperfine splitting in Muonium to be 559.6(72)MHz.

The detected B3S/B2S ratio is 0.20(4). In the 60 ns
from the foil to the entrance of the detection setup for
an average M atom, 32% of the 3S states relax back
to the ground state. Therefore, the e↵ectively detected
amount of 3S/2S created at the foil is 0.29(7). This
agrees with the estimations done by C. Fry [36] of 0.36
and is slightly lower than the estimate of 0.44(4) from a
combination of hydrogen population measurements [28,
29]. An additional uncertainty in the estimated 3S/2S
ratio could arise from the assumption that the detection
e�ciency of Ly↵ and Ly� is similar. In fact, the e�ciency
depends on a number of factors, which make an accurate
determination of its wavelength-dependency challenging
(see Ref. [37, 38]).
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Lowering uncertainty by another order of magnitude:
allows to probe larger region for (g-2)µ and further probe SME (fine structure could also 
be measured with same uncertainty if interesting from SME perspective)
< 160 kHz to probe b-QED (Barker-Glover), not in reach in hydrogen LS yet

! reachable with minor changes:
changing Muonium formation target
eliminating 3S & 4S contribution with weak electrical field

With MuCool beamline and HiMB UPGRADES @ PSI, measurements with  
uncertainty of the order of hydrogen would become feasible

2S1/2, F=0 ! 2P1/2, F=1 transition:
•Not competitive yet with most precise determination due to statistics
•Most promising transition for high precision measurements 

2S1/2, F=1 ! 2P1/2, F=1 transition: most precise determination limited by statistics
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• Setup commissioned with H at in GBAR using protons on a C foil

Ready to measure H̄ Lamb shift as soon 
as H̄ available in GBAR.  
At level of 100 ppm we can determine 
the antiproton charge radius at 10% level
  

G. Janka, PhD thesis 2022, ETHZ, https://doi.org/10.3929/ethz-b-000536696
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