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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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Dark  
Sector

REDUCED MASS CONTRIBUTION: 1.187 THz (4800 ppm)

Muonium 1S-2S: current status theory/experiment 
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 Meyer et al. PRL84, 1136 (2000)

Limited by knowledge of muon mass. 
QED calculations at 20 kHz  S. G. Karshenboim, Phys. Rep. 422, 1 (2005)
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Mu-Mass: Goal and Output  
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Mu-MASS: Measure 1S-2S transition with Doppler free laser spectroscopy 
GOAL: improve by 3 orders of magnitude (10 kHz, 4 ppt) 
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OUTPUT 
→ Muon mass @ 1 ppb 
→ Ratio of qe/q𝜇 @ 1 ppt 
→ Search for New Physics  
→ Test of bound state QED (1x10-9) 
→ Rydberg constant @ ppt level 
→ New determination of 𝛼 @ 1 ppm 
→ Input to muon g-2

Adapted from K. Jungmann,  
DPG 2017 (Mainz)
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Mu-MASS: Scheme
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Detection of the 2S states (beamtime at LEM Dec. 2019)
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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].

0 2 4 6 8 10

Residual Energy [keV]

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

N
or

m
al

iz
ed

 a
rb

itr
ar

y 
un

its

10 keV
7.5 keV
5.0 keV

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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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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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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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.

INTENSE  2S M BEAM -> POSSIBILITY TO IMPROVE THE M LAMB SHIFT

Quenching efficiency and   
geometrical acceptance  
from MC

G. Janka et al., Eur. Phys. J. C (2020) 80: 804
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Muonium Lamb shift
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On the theoretical side, the muonium energy levels have
been computed completely up to Oðmμα5Þ [33] and the
leading logarithmic correctionOðmμα6 ln αÞ [34]. The 1S−
2S transition has reached howeverOðmμα7Þ [35] and so the
QED error should be estimated by the Oðmμα8 ln3 αÞ term,
which would give ∼10 kHz. However, the main source of
uncertainty is not the QED computation but the value of the
muon mass. The best value for the muon mass gives an
uncertainty ∼0.3 MHz, but this muon mass relies on the
measurement of 1S− 2S and hyperfine splittings in muo-
nium and so we cannot use it as an independent input of our
theoretical estimate if wewant to use it to set bounds on new
physics. Therefore, we chose to consider themeasurement of
the muon mass determined from the study of Breit-Rabi
magnetic sublevels of the Mu ground state in an external
magnetic field [36], which would be unaffected by the new
scalar particle. This gives rise to the theoretical prediction:

ðEð2S1=2Þ−Eð1S1=2ÞÞthMu ¼ 2455528935.8ð1.4ÞMHz: ð8Þ

2. Lamb Shift

The theoretical prediction for the Lamb shift in muonium
can be obtained from the expressions in [33,35]. It reads

ðEð2S1=2Þ − Eð2P1=2ÞÞthMu ¼ 1047.284ð2Þ MHz: ð9Þ

In this case, the error is in fact dominated by the QED
computation and estimated by the Oðmμα8 ln3 αÞ contri-
bution. The best experimental measurement at the moment
[37] is

ðEð2S1=2Þ − Eð2P1=2ÞÞ
exp
Mu ¼ 1042ð22Þ MHz: ð10Þ

Its large uncertainty is the biggest limit to reach to new
physics.
Figure 3 shows the sensitivity to new physics of the state-

of-the-art precise Mu spectroscopy. In the massless limit
the Mu bound is an order of magnitude stronger than the
product of the two gyromagnetic factors (even though a 5σ
bound is taken here to account for the current tension in the
value of aμ). However, as discussed in the previous section,
the electron coupling is constrained by astrophysics for
mediators lighter than 300 keV, while the Mu constraint
reads as:

ge × gμ ≲ 10−10 ×
Δ

9.8 MHz
; ð11Þ

whereΔ is the experimental/theoretical error. It is thus clear
that it would be extremely challenging to compete with
Eq. (6). For this reason, Fig. 4 focuses on the heavy mass
region showing that even a modest improvement of the
experimental precision to match the current theoretical
precision could deliver interesting results.
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FIG. 3. Constraint on the dimensionless coupling ge × gμ as a
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On the theoretical side, the muonium energy levels have
been computed completely up to Oðmμα5Þ [33] and the
leading logarithmic correctionOðmμα6 ln αÞ [34]. The 1S−
2S transition has reached howeverOðmμα7Þ [35] and so the
QED error should be estimated by the Oðmμα8 ln3 αÞ term,
which would give ∼10 kHz. However, the main source of
uncertainty is not the QED computation but the value of the
muon mass. The best value for the muon mass gives an
uncertainty ∼0.3 MHz, but this muon mass relies on the
measurement of 1S− 2S and hyperfine splittings in muo-
nium and so we cannot use it as an independent input of our
theoretical estimate if wewant to use it to set bounds on new
physics. Therefore, we chose to consider themeasurement of
the muon mass determined from the study of Breit-Rabi
magnetic sublevels of the Mu ground state in an external
magnetic field [36], which would be unaffected by the new
scalar particle. This gives rise to the theoretical prediction:

ðEð2S1=2Þ−Eð1S1=2ÞÞthMu ¼ 2455528935.8ð1.4ÞMHz: ð8Þ

2. Lamb Shift

The theoretical prediction for the Lamb shift in muonium
can be obtained from the expressions in [33,35]. It reads

ðEð2S1=2Þ − Eð2P1=2ÞÞthMu ¼ 1047.284ð2Þ MHz: ð9Þ

In this case, the error is in fact dominated by the QED
computation and estimated by the Oðmμα8 ln3 αÞ contri-
bution. The best experimental measurement at the moment
[37] is

ðEð2S1=2Þ − Eð2P1=2ÞÞ
exp
Mu ¼ 1042ð22Þ MHz: ð10Þ

Its large uncertainty is the biggest limit to reach to new
physics.
Figure 3 shows the sensitivity to new physics of the state-

of-the-art precise Mu spectroscopy. In the massless limit
the Mu bound is an order of magnitude stronger than the
product of the two gyromagnetic factors (even though a 5σ
bound is taken here to account for the current tension in the
value of aμ). However, as discussed in the previous section,
the electron coupling is constrained by astrophysics for
mediators lighter than 300 keV, while the Mu constraint
reads as:

ge × gμ ≲ 10−10 ×
Δ

9.8 MHz
; ð11Þ

whereΔ is the experimental/theoretical error. It is thus clear
that it would be extremely challenging to compete with
Eq. (6). For this reason, Fig. 4 focuses on the heavy mass
region showing that even a modest improvement of the
experimental precision to match the current theoretical
precision could deliver interesting results.
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Results of the Lamb shift (beamtime Dec. 2020) & Outlook (2021)
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Figure 8: Preliminary lineshape for the Lamb-Shift in M. Here the hyperfine selector is scanned with a
power of 30 W.

The preliminary results on the M Lamb shift confirm that a measurement below the 1 MHz accuracy
is possible as a byproduct of Mu-MASS.

The goal of 2021 is to combine the laser and detection scheme in a beamtime at LEM towards in
December 2021 attempting to detect the first CW-laser excited M atoms. Depending on the beamtime
availability at the LEM a new improved measurement of the M Lamb-shift could be performed during the
Summer.
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PRELIMINARY

40 HOURS DATA TAKING  
(10x statistics compared  
to TRIUMF)

OUTLOOK:  
- RUN @LEM in June 2021 (5 days if approved)  
- Dedicated tagging system under construction  
(reduce losses due to scattering in C-foil by factor 10)  
- Probe isolated 586 MHz line 
- Expected accuracy < 1MHz 
- Main systematic: Doppler (change MW direction)  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1 Test of detection system

The Mu-MASS experiment relies on determining the fraction of M excited to the 2S state as a function
of the absolute frequency of the excitation laser. This will be done by detecting Lyman-Alpha photons
emitted when M(2S) encounters a DC electric field. The expected Lyman-Alpha signal rate when the laser
is on resonance is at the level of few events/hour. Due to the narrowness of the 1S-2S transition when using
a CW laser, this statistics is enough to improve significantly on the current 1S-2S transition determination
within a few days [1], provided that the background is kept at a much lower level.

The Mu-MASS detection system is designed to both reduce the background contribution to a level
below 1 event/day, and to measure the M(2S) energy distribution, which is necessary for determining the
main systematic shift; the 2nd-order Doppler shift. Both of these goals will be accomplished by requiring
the following signature: 1) the incoming muon hitting the M converter is tagged through the detection of
secondary electrons with an MCP, 2) after a time of flight of about 500 ns, the M excited by the laser
in the 2S state will enter in a region with a DC field of the order of 100 V/cm. This field quenches it to
the ground state on a timescale of few ns and the emitted Lyman-Alpha photon is detected with two CsI
coated MCPs1, 3) M then travels until the muon decays. The bound electron is detected in coincidence
with the positron emitted by the muon (see Fig.1).

During the Dec. 2020 beamtime, we successfully tested this detection scheme. Analysis of these data is
ongoing, and several conclusions may already be inferred: we are able to focus a substantial amount of the
LEM beam into the useful area of the porous silica target, and detect secondary electrons emitted upon
impact with a high (80%) e�ciency. We are able to confirm the formation of M by detecting in coincidence
the bound electron during the decay process (see Fig. 2). This constitutes a major step forward for the
Mu-MASS detection system.

Figure 1: Setup used to test Mu-MASS detection system. Each square represents 1 mm2. Negative
potential lines in 100 Volt increments are given in red.

1
Our ability to detect M(2S) was already presented in last BV51 report.

2
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Figure 2: The bound electrons released after the muon in M decays are detected with a MCP in coincidence
with the energetic positron which reaches a scintillator placed outside the vacuum chamber (see Fig. 1).

2 Laser system for 1S-2S excitation

Spectroscopy of the M 1S-2S transition requires deep-UV laser radiation at 244 nm. As a two-photon
transition, and due to the relatively low yield of M compared to its non-exotic counterpart, hydrogen, very
high powers at 244 nm are needed to guarantee su�cient laser-atom interaction. In the previous state-
of-the-art measurement of the 1S-2S M transition, these high powers were obtained via a pulsed 244 nm
laser. While this pulsed source made the measurement possible, it also introduced the biggest limitations
on the measurement itself. The frequency chirping introduced a systematic shift on the 1 MHz level, and
the limited interaction time and high power due to the short pulse duration broadened the linewidth to 20
MHz.

While these limitations are mitigated with a CW laser at 244 nm, laser technology that can achieve
high enough CW powers in this deep-UV range only came into existence in the last five years. Through
four years of development, motivated by two-photon laser cooling atomic hydrogen with 243 nm radiation,
the Yost Precision Spectroscopy group at Colorado State University (CSU) was able to demonstrate 1
W of stable 243 nm CW power, and up to 30 W through cavity enhancement. The main limitations of
this system included the stability of their fundamental radiation in the IR, their first doubling stage, and
degradation of the UV enhancement cavity mirrors.

244 nm

488 nm

ECDL

976 nm

ECDL TA Yb fiber
EOM

CLBO

LBO

Figure 3: Simplified Schematic of the 244 nm laser system. The master oscillator is an extended cavity diode
laser (ECDL) at 976 nm. This seed radiation is amplified by a tapered amplifier (TA) and subsequently by
a Ytterbium (Yb) fiber amplifier. It then passes through consecutive resonant doubling cavities to generate
244 nm radiation.

The PhD student who developed this laser system joined ETH as a postdoc in June of 2019. Through
his experience, and collaboration with a world leader commercial laser company, Toptica, we have solved

3

Detection of bound electron in coincidence  
with the positron in the scintillator

Data analysis ongoing…
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Figure 2: The bound electrons released after the muon in M decays are detected with a MCP in coincidence
with the energetic positron which reaches a scintillator placed outside the vacuum chamber (see Fig. 1).

2 Laser system for 1S-2S excitation

Spectroscopy of the M 1S-2S transition requires deep-UV laser radiation at 244 nm. As a two-photon
transition, and due to the relatively low yield of M compared to its non-exotic counterpart, hydrogen, very
high powers at 244 nm are needed to guarantee su�cient laser-atom interaction. In the previous state-
of-the-art measurement of the 1S-2S M transition, these high powers were obtained via a pulsed 244 nm
laser. While this pulsed source made the measurement possible, it also introduced the biggest limitations
on the measurement itself. The frequency chirping introduced a systematic shift on the 1 MHz level, and
the limited interaction time and high power due to the short pulse duration broadened the linewidth to 20
MHz.

While these limitations are mitigated with a CW laser at 244 nm, laser technology that can achieve
high enough CW powers in this deep-UV range only came into existence in the last five years. Through
four years of development, motivated by two-photon laser cooling atomic hydrogen with 243 nm radiation,
the Yost Precision Spectroscopy group at Colorado State University (CSU) was able to demonstrate 1
W of stable 243 nm CW power, and up to 30 W through cavity enhancement. The main limitations of
this system included the stability of their fundamental radiation in the IR, their first doubling stage, and
degradation of the UV enhancement cavity mirrors.
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Figure 3: Simplified Schematic of the 244 nm laser system. The master oscillator is an extended cavity diode
laser (ECDL) at 976 nm. This seed radiation is amplified by a tapered amplifier (TA) and subsequently by
a Ytterbium (Yb) fiber amplifier. It then passes through consecutive resonant doubling cavities to generate
244 nm radiation.

The PhD student who developed this laser system joined ETH as a postdoc in June of 2019. Through
his experience, and collaboration with a world leader commercial laser company, Toptica, we have solved
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the first two of these three limitations on a rapid time scale under six months. We now have a highly
stable, frequency doubled, 976 nm fiber amplifier laser system (Fig. 3) that can stably output > 4 W of
488 nm power continuously with no intervention. With this, we are able to generate up to 1.5 W of 244
nm power (Fig. 4, left) that can operate stably on hour time scales at powers > 1 W (Fig. 4, right).

Figure 4: Left: Laser power at 244 nm as a function of power at 488 nm with 300mm ROC. Right: Laser
power at 244 nm as a function of time.

While these deep-UV, CW powers are impressive, they are still not large enough for e�cient excitation
of the 1S-2S transition in Muonium. The 244 nm power must be enhanced in a vacuum cavity to 25 W
of intracavity power for phase 1 of Mu-MASS and 50 W for phase 2. Such intracavity powers have only
been demonstrated once before at CSU. We can now achieve 20 W of intracavity power for Mu-MASS, and
furthermore, have demonstrated for the first time hour-long stability of these intracavity powers (See Fig.
5a).

After Isolation
Optics

After CLBO

After Mode 
Matching

Optics

After CLBO

b)

a)

Figure 5: a) Intracavity UV power as a function of time. b) Degradation/loss measurements on all optical
elements leading to the enhancement cavity.

The Yost group had to keep their oxide coated UV mirrors in 1 Torr of Oxygen to prevent degradation.
The mechanisms believed to cause this are hydrocarbon contamination and surface oxygen depletion of the
HR oxide coatings. For precision spectroscopy, high vacuum is needed and thus 1 Torr of Oxygen on the
mirrors presents a technical challenge we would like to avoid. We have therefore consulted with a world
leader optical coating company, LaserOptik, to develop a HR UV coating with Fluoridic coatings instead of
oxide coatings, which should address the latter of the two degradation mechanisms. The powers measured
in Fig. 5a were with 1 mbar of oxygen on Calcium Fluoride mirrors. However, our preliminary test

4

Output at around 600 mW  
stable for more than 1 day  

(new Brewster plate being produced)
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Mirror Actuators Flexible Couplers
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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
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the first two of these three limitations on a rapid time scale under six months. We now have a highly
stable, frequency doubled, 976 nm fiber amplifier laser system (Fig. 3) that can stably output > 4 W of
488 nm power continuously with no intervention. With this, we are able to generate up to 1.5 W of 244
nm power (Fig. 4, left) that can operate stably on hour time scales at powers > 1 W (Fig. 4, right).

Figure 4: Left: Laser power at 244 nm as a function of power at 488 nm with 300mm ROC. Right: Laser
power at 244 nm as a function of time.

While these deep-UV, CW powers are impressive, they are still not large enough for e�cient excitation
of the 1S-2S transition in Muonium. The 244 nm power must be enhanced in a vacuum cavity to 25 W
of intracavity power for phase 1 of Mu-MASS and 50 W for phase 2. Such intracavity powers have only
been demonstrated once before at CSU. We can now achieve 20 W of intracavity power for Mu-MASS, and
furthermore, have demonstrated for the first time hour-long stability of these intracavity powers (See Fig.
5a).
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Figure 5: a) Intracavity UV power as a function of time. b) Degradation/loss measurements on all optical
elements leading to the enhancement cavity.

The Yost group had to keep their oxide coated UV mirrors in 1 Torr of Oxygen to prevent degradation.
The mechanisms believed to cause this are hydrocarbon contamination and surface oxygen depletion of the
HR oxide coatings. For precision spectroscopy, high vacuum is needed and thus 1 Torr of Oxygen on the
mirrors presents a technical challenge we would like to avoid. We have therefore consulted with a world
leader optical coating company, LaserOptik, to develop a HR UV coating with Fluoridic coatings instead of
oxide coatings, which should address the latter of the two degradation mechanisms. The powers measured
in Fig. 5a were with 1 mbar of oxygen on Calcium Fluoride mirrors. However, our preliminary test
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the first two of these three limitations on a rapid time scale under six months. We now have a highly
stable, frequency doubled, 976 nm fiber amplifier laser system (Fig. 3) that can stably output > 4 W of
488 nm power continuously with no intervention. With this, we are able to generate up to 1.5 W of 244
nm power (Fig. 4, left) that can operate stably on hour time scales at powers > 1 W (Fig. 4, right).
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The Yost group had to keep their oxide coated UV mirrors in 1 Torr of Oxygen to prevent degradation.
The mechanisms believed to cause this are hydrocarbon contamination and surface oxygen depletion of the
HR oxide coatings. For precision spectroscopy, high vacuum is needed and thus 1 Torr of Oxygen on the
mirrors presents a technical challenge we would like to avoid. We have therefore consulted with a world
leader optical coating company, LaserOptik, to develop a HR UV coating with Fluoridic coatings instead of
oxide coatings, which should address the latter of the two degradation mechanisms. The powers measured
in Fig. 5a were with 1 mbar of oxygen on Calcium Fluoride mirrors. However, our preliminary test
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About 500 mW input  
20 W in enhancement cavity  

with new CaF2 and fluoride coatings 
(goal avoid/minimise O2)  

Differential 
pumping

Differential 
pumping

O2 (1 mbar) O2 (1 mbar)
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976 nm MENLO 
FREQUENCY COMB*

*a big thank you to Prof. T. Esslinger to allow us to use it old comb which we upgraded with a  
fibre oscillator and an output at 976 nm 
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Figure 1: Sketch of the laser frequency lock scheme type #3 to the comb (A) and type #2 to the ULE
cavity (C). Corresponding beat frequencies between 976 nm laser and GPS-referenced optical frequency
comb for type#3 (B) and #2 (D) schemes.

3
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Dark  
Sector

  
 
GOALS 2021: 
- Perform an a LS measurement at <1MHz in June 2021 Beamtime at LEM  
- combine laser system + experiment at LEM in December 2021, attempt detection of 1S-2S transition 

CURRENT STATUS:  
- Detection of 2S states was demonstrated. 
- Detection of bound electron from M in coincidence with the positron. 
- Laser system, 20W circulating power achieved, improvement in stability ongoing. 
- Frequency reference for the experiment is ready. 
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