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Figure 2: (Left) Principle of the experiment: a muon beam is stopped in a cryogenic H2 gas target of 1 mm

length forming µp atoms that quickly de-excite to the F=0 sublevel of the ground state while thermalizing.

Having larger kinetic energy, the laser-excited µp atom (black dot) quickly di↵uses in the H2 gas reaching

one of the gold-coated target walls whereby µAu⇤ is formed. The surrounding scintillators detect the X-rays

produced by the de-excitation of µAu⇤. The gray dots represent the thermalized µp atoms moving at slower

velocity. (Right) Scheme of the 1S-HFS sublevels divided in triplet (F=1) and singlet (F=0) states. In red

is indicated a circular polarized laser pulse inducing the HFS transition from F=0 to F=1, while the blue

arrows indicate the collisionally-induced de-excitations.

I Muons are stopped in a 1 mm long H2 gas target at a temperature between 30 and 50 K and a pressure

between 0.8 to 1.2 bar, whereby µp atoms in highly excited state are formed.

II While di↵using in the H2 gas, the formed µp atoms de-excite to the singlet (F=0) sub-level of the

ground state and either reach the walls very quickly or thermalize to the gas temperature of 50 K (see

Fig. 3 (Left)).

III With a delay of about 1 µs after the µp formation, the surviving µp atoms are illuminated by the laser

light and driven into the triplet state (F=1) of the ground state (see Fig. 2).

IV Subsequent collisions with hydrogen molecules de-excite the µp atoms from the F=1 to the F=0 sub-

levels. In this process the HFS transition energy is converted into kinetic energy: on average 0.1 eV

kinetic energy is imparted to the µp atoms.

V Starting with such a kinetic energy from the laser illuminated volume, the µp atoms di↵use quickly

in the H2 gas reaching e�ciently the target walls before decaying. At the target walls the muons are

transferred from µp to the Au atoms of the wall coating forming µAu⇤ in highly excited states [81].

VI The various X-rays produced in the de-excitation process (cascade) of µAu⇤ are used as a signature

of a successful laser excitation. The HFS resonance is thus obtained by counting the number of µAu

cascade events versus the laser frequency.

The arrival times of the µp atoms at the target walls has been simulated (see black curve in Fig. 3

(Right)) accounting for the muon stopping probability and distribution in the H2 gas, the µp thermalization

prior to the laser excitation, the realistic laser excitation and subsequent µp di↵usion towards the target

walls. The laser-induced events, well visible in the time window t 2 [1100 � 1400] ns, lie over a background

that is caused by µp atoms thermalized in the vicinity of the target walls that slowly di↵use in the H2

gas reaching the target walls even tough they were not excited by the laser light. The resonance curve is

formed by measuring the number of µAu events in the event time window t 2 [1100 � 1400] ns (when the

laser-excited µp atoms are expected to reach the target walls) versus the laser frequency.
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The principle of the 𝛍p HFS experiment

Stop muon beam in 1 mm H2 gas target at 40 K
Wait until µp atoms de-excite and thermalize 
Laser pulse:    µp(F=0) + ɣ → µp(F=1)
De-excitation:  µp(F=1) + H2→µp(F=0) + H2 + Ekin

µp diffuses to Au-coated  target walls
formed µAu*  de-excites producing X-rays
 Plot number of X-ray events vs laser frequency
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The principle of the 𝛍p HFS experiment
2.2. HyperMu - Measuring the 1s hyperfine splitting in µp 11
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(a) Resonance curve (example) (b) Potential cavity design

Figure 2.8.: (a) Resonance curve as it may be obtained from the HFS measurement and
(b) 3D model of a possible laser cavity with toroidal geometry to enhance the
laser fluence.

again within few nanoseconds, receiving the kinetic energy kick discussed above. From
now on, this muonic atom has a higher probability to reach the wall and cause x-rays than
it would have without the energy kick.
In order to infer the energy of the hyperfine transition, the laser frequency is stepwise
tuned. When the laser frequency comes close to the atomic transition frequency (on
resonance), the number of x-rays increases because more muonic atoms reach the wall
due to the energy kick. Plotting the number of x-rays in a certain time window after the
laser excitation against the laser frequency, one obtains a resonance curve as qualitatively
illustrated in Fig. 2.8 (a). In the same time window, there are µp atoms reaching the
target walls that were not excited by the laser light. These atoms give rise to background.
To obtain a significant result for the transition energy the resonance has to be measured
very precisely. Due to limited experimental time it is therefore important to have optimal
conditions in the target for a good ratio between true signal hits and background hits.
The focus of the di↵usion simulations for HyperMu in this thesis will therefore be on the
investigation of important target parameters as, e.g., geometric extent and pressure. The
results are used to optimize the design of the target. However, the final target geometry
will be a compromise between optimal di↵usion conditions and realizability regarding the
laser cavity. A potential cavity design using a toroidal shape is shown in Fig. 2.8 (b).
The cavity is not stable, so that the laser beam changes its direction when reflected by
the mirror. Like this, the region around the center of the cavity is illuminated relatively
uniformly. The direction of the muon beam is perpendicular to the laser-illuminated plane.
The space in the cavity is filled with H2 gas to stop the muons and form µp atoms.
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Stop muon beam in 1 mm H2 gas target at 40 K
Wait until µp atoms de-excite and thermalize 
Laser pulse:    µp(F=0) + ɣ → µp(F=1)
De-excitation:  µp(F=1) + H2→µp(F=0) + H2 + Ekin

µp diffuses to Au-coated  target walls
formed µAu*  de-excites producing X-rays
 Plot number of X-ray events vs laser frequency
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The laser system
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The thin-disk oscillator: results

Energy: 29 mJ                  
Delay:   900 ns
Pulse-to-pulse stability: 1% (rms)
Single-frequency operation
Laser chirp < 2 MHz
Bandwidth: to be measured

Proof of principle 

of single-frequency Q-switched 

TDL oscillator 

✓

Goal: 50 mJ
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The laser system
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The thin-disk multi-pass amplifier
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Thin-disk amplifier results in perspective
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μH(HFS)         Gain=7.5 @ 220 mJ
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The laser system
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The multi-pass cavity: design and simulations

Ry > L/2

L

L

Ry > L/2
Rx > L/2

Rx = L/2

Type A:   Ring cavity,             Cu-substrate,           Cu-reflector
Type B:   Ring cavity,             Cu-substrate,           Dielectric-reflector
Type C:   Ring cavity,             Glass-substrate,      Dielectric-reflector
Type D:   Two-mirror cavity,   Glass-substrate,      Dielectric-reflector



Aldo Antognini BVR52,   27.01.2021 14

The multi-pass cavity: design and simulations

IN OUT

𝜏∼ number of reflections
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The multi-pass cavity: test setup at SLS

cavity

f = 250 mmf = 150 

or 75 mm

 
f = -40 mm

f = 200 mm

f = 200 mm 

cylinder

variable expander 4x or 7x

M1

M2

M3 leakage light

detector

OPO laser

OPO laser
100 ps, 

tunable:  1-10 µm
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The multi-pass cavity: production

Challenges
substrate geometry
unconventional wavelength
cryogenic temperature
optical-induced damage
coating on internal surface
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Detection system prototype
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• Bremsstrahlung background: This background is caused by “regular” muon decays (µ� ! e�⌫µ⌫̄e)

occurring in the event time window that are falsely identified as µAu cascade events. This misidentifi-

cation occurs primarily due to Bremsstrahlung ensued by the decay-electrons crossing the setup around

the target region (see Fig. 4 (Middle)). The muons producing this background are mainly the ones

stopping in the H2 gas (forming µp) but not reaching the target walls. Because the number of regular

muon decay is about a factor of 30 larger than the number of signal events, this misidentification prob-

ability (per muon decay) must be supressed to the % level. Reduction of this background is obtained

by having a target and optical cavity with low material budget and using thin-plastic scintillators

(electron-vetos) to distinguish decay-electrons from µAu cascade events (see Fig. 4).

• Muon uncorrelated background: Schematically represented in Fig. 4 (Right) this background

originates from energy depositions in the BGO clusters during the event time window uncorrelated

with muons. The origin of this muon-uncorrelated energy deposition is “natural” radioactivity in the

experimental area, electrons and neutrons from the beam line and, to a smaller amount, cosmics.

We simulated, developed and qualified using muons a prototype detection system as shown in Fig. 5

comprising 18 BGO scintillators (yellow) for e�cient detection of the cascade X-rays with MeV energies and

4 thin plastic scintillators (blue) referred to as veto detectors to identify the electrons from muon decays.

The realized setup also includes a muon entrance detector, a dummy optical cavity and a dummy target

to have a realistic material budget and a similar layout as for the final experiment. Figure 6 shows the

measured energy spectra for Veto 4 (Left) and for the downstream BGO cluster for muonic gold events

μ-
2

2

1

1

3

3

4 BGO

BGO

BGO

Figure 5: (Left) Schematic of the detection system tested in 2019. The muon beam passes the entrance

counter (purple) and is stopped in either a thin gold or polyethylen target placed in the center of a dummy

optical cavity (red) so that either µAu events or regular muon decay can be investigated. The cavity is

mounted on a dummy target mechanics (black) emulating the prospected material budget. Upstream and

downstream of the target there are two BGO clusters (yellow), each of them having a transverse size of

about 250 ⇥ 400 mm2 and a thickness of 60 mm. Two thin plastic scintillators Veto3 and Veto4 (cyan) of

250 ⇥ 250 ⇥ 5 mm3 are sandwiching the target region to intersect the decay-electron traveling from the target

region towards the BGO clusters. An additional plastic scintillators Veto1 (cyan) is protecting the BGO

clusters from beam electrons, while a cylindrical scintillator, Veto2, is identifying decay-electrons produced

in the small vacuum pipe transmitting the muons through the upstream BGO cluster. (Right) Simplified 3D

drawing of the detection system tested in the 2019 beamtime.

6

cavity H2

μ−

X-ray detector

Figure 15: Pictures of some detectors. (Top, Left) Veto 4 detector of 250 ⇥ 250 ⇥ 5 mm3

size with WSF read out by two 6 ⇥ 6 mm2 SiPM. (Top, Right) Fiber bundle of veto 3
detector. (2nd row, Left) Veto 1 detector of 150 ⇥ 150 ⇥ 5 mm3 size directly read out by
SiPM with central hole for muon transmission. (2nd row, Right) Veto 2 detector with
hollow cylindrical shape of 100 mm length. (3rd row, Left) Backside of veto 2 detector.
(3rd row, Left) Entrance detector with 20 mm active area based on a thin plastic scintillator
read out with SiPM. (Bottom, Left) BGO detectors of 200 mm length read out by a PMT.
(Bottom, Right) Downstream BGO cluster.
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Figure 14: Pictures of the open vacuum chamber containing the dummy cavity, target and

target mount as well as the electron-veto 3 and 4. (Top, Left) Upstream part of the vacuum

chamber mounted in ⇡E1. (Top, Right) Detail of the upstream chamber showing the PCB

board holding the cylindrical veto 2 detector. (Middle, Left) The veto 3 detector with WSF

fibers has been mounted in the chamber. Well visible in grey is also the box containing

the upstream BGO cluster. (Middle, Right) Also the dummy Cu cavity, target and target

mount have been mounted. (Bottom) As in (Middle, Right) but zoomed.
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Event signal
µAu⇤ ! µAu + X-rays

. . . + n + � + · · ·

µ ! e+ ⌫ + ⌫̄
#
Bremstrahlung + ....

Background signal

efficiency: 60 %

false identification: 6%

BGOBGO

BGO
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Getting ready for final design
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prototype realised
detection efficiency and BG measured
Geant4 simulations (cascade, capture)
studied light collections in the detectors 
implemented resolutions
optimisation to improve resonance 
search ongoing

Veto for muon decays BGO cluster for μAu events
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Other advances

Patent submitted:  
Power-scalable optical system for 
nonlinear frequency conversion 

2S-2P measurement in μ4He

F. Hagelstein joined LTP theory group
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Hagelstein et al. (2019)  

K. Schuhmann & AA, ETHZ+PSI

High power beams at 515 nm, 207 nm and 
from 1.1 μm  to 6 μm when starting with a 
thin-disk laser at 1030 nm.

CREMA coll., Nature (2021)

advance chPT prediction of the TPE
fit  structure function data with theory 
guidance
compute  TPE with dispersive approach 

which in conjunction with Eq. (1) gives

r↵ = 1.67824 (13)exp (82)theo fm. (7)

Here, the experimental uncertainty of 0.13 am is given by
statistics. The theory uncertainty by far limits the extrac-
tion of r↵. Its 0.82 am uncertainty is from 2PE (0.70 am),
3PE (0.42 am, given by our conservative estimate of the
inelastic part), QED (0.04 am), and the r↵2 coefficient
(0.02 am) in Eq. (1). The dominant uncertainty is thus
from the nuclear and nucleon polarizability contributions
to the 2PE of Eq. (1) 33, 45–50. This uncertainty accounts for
variations and truncation of the nuclear potential, numer-
ical convergence, few-body methods, and for the various
methods of including the nucleon finite size and relativis-
tic effects.

We note that almost fifty years ago, a group at CERN
claimed 42, 43 to have measured the transitions presented
here, but, as we show, those measurements are wrong c.
Intriguingly, their quoted charge radius 42 is not very far
away from our value, but this can be traced back to an
awkward coincidence of a wrong experiment combined
with an incomplete 2P–2S theory prediction, by chance
yielding a not-so-wrong value of r↵.

The r↵ value from our measurement is in excellent
0.7� agreement with the world average from elastic elec-
tron scattering 1 r↵(scatt) = 1.681(4) fm, but 4.8 times
more precise. Our precise charge radius for (µ4He)+ can
hence be used to constrain and improve fits of the electric
form factor. This is in contrast to our previous measure-
ments in muonic hydrogen 2, 3 and deuterium 6, which re-
vealed a large and unexpected discrepancy with the proton
radius from both electron scattering and hydrogen spec-
troscopy, coined the “proton radius puzzle” 4, 5.

The agreement between our measurement and the
electron scattering result constrains muon-specific Be-
yond Standard Model (BSM) effects to contribute less
than 3.4 meV (95% CL) to the 2P–2S energy splitting
in (µ4He)+. This upper bound is limited by the uncer-
tainty of the alpha particle charge radius r↵(scatt) ex-
tracted from electron scattering experiments. Hence, the

cThe experiment was conducted at a 20,000 times higher He gas
pressure of 40 bar. Doubts were raised 38 due to the high collisional
quench rate of ⇠ 6 ⇥ 1010/s, equivalent to a 2S state lifetime of only
17 ps. No (µ4He)+ ion in the 2S state could possibly have survived
the 0.5 ms time delay until the laser pulse arrived. A direct measure-
ment at PSI 44 excluded the earlier result by 3.5�. Nevertheless, the
value is still used in the literature 51. Our measurement shows that
there is no signal observed at the position claimed in the earlier experi-
ment (⌫ = 369, 350(140)GHz) whose resonance is located 5� (or 2.2
linewidths) to the right of our peak. We thus confirm that the earlier
experiments have been wrong.

(µ4He)+ measurements exclude the scenarios of Ref. 52

to explain the proton radius puzzle which predicted a
6.4 meV difference for the (µ4He)+ measurement. For
the model of Ref. 53, we can set an upper limit of 4.5 MeV
on the mediator mass. Following Eq. (23) in Ref. 54, our
(µ4He)+ measurement constrains any BSM short-range
muon-proton interaction to be smaller than 3.4 meV/20 ⇡
0.17meV in muonic hydrogen. These short-range interac-
tions also include exotic gravitational 55 and hadronic ef-
fects related to the subtraction term in the 2PE in muonic
hydrogen 56. However, recognizing the recent measure-
ments in H-spectroscopy and electron–proton scattering
that yield the smaller “muonic” proton radius 7–9 there is
in fact no need for invoking BSM scenarios, but note that a
large proton radius was recently obtained in Ref. 12. Still,
the (µ4He)+ measurement provides interesting bounds for
possible flavor-violating short-range interactions between
the muon and a proton or a neutron 54, 57–59.

The obtained charge radius represents a benchmark
for few-nucleon theories 49. A recent calculation of the
form factor obtained from potentials based on chiral ef-
fective field theory (�EFT) yields a charge radius of r↵=
1.663(11) fm 60, in good agreement with our value from
(µ4He)+. Our r↵ can also be used to fix low-energy con-
stants (LECs) of the nuclear potential, i.e., to fix, together
with nucleon-nucleon scattering data and binding ener-
gies, the two-nucleon and three-nucleon forces derived in
a �EFT framework 61, 62.

A test of higher-order bound-state QED is expected
by combining our (µ4He)+ measurements with upcom-
ing measurements of the 1S–2S transition in ordinary He+
ions 20, 21. In fact, these challenging higher-order contri-
butions scaling with the nuclear charge as Z5 to Z7 are
massively increased in He+ compared to H 20, 63–65. Our
charge radius determination allows for a test of these con-
tributions to the 1S Lamb shift in He+ with an accuracy
of 60 kHz, corresponding to 6⇥ 10

�12 of the 1S–2S tran-
sition in He+.

Alternatively, the combination of our measurement
with future results for the 1S–2S transition in He+ 20, 21

will yield a value of the Rydberg constant with 24 kHz
accuracy. The Rydberg constant is presently known with
a precision of 6 kHz 66 but has recently jumped by about
100 kHz, due to our measurements in muonic hydrogen
and deuterium. A measurement from an atomic system
with Z = 2 represents a determination independent of ex-
periments in hydrogen and muonic hydrogen.

With slightly improved uncertainty in the QED cal-

5
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Beam time request

21

μ- rates at two positions at low 
momenta 10-13 MeV/c
e- contamination

Vary collimation if needed
Vary target position (focal length) 
commission a movable 1D-array 
for online monitoring purposes

CMBL extended with a doublet 
use upgraded separator

12 days in 𝜋E5

Planned measurements
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Status: pursuing the needed technology leap

2S-2P

HFS
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Conclusions
Laser system

CavityGood progress in 2020 but still 
a long way
Development of down-
conversion stages is now 
possible

Simulations “completed”
Test setup ready
Coating development ongoing

Detection system
Proof of principle 
demonstrated
Detection efficiency and 
background quantified

Strategic developments for 2021
Down-conversion stages
Multi-pass cavity

Laser fluence ?
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