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“Nutshell” Summary

2

• Muonium–antimuonium oscillations complementary to Mu2e –– differently 
sensitive to CLFV new physics


• Muonium gravity measurement sensitive to possible 5th force (in which g – 2, 
leptonic B, & W-mass anomalies have stimulated renewed interest)


• New cryogenic muonium-production method could make Fermilab 400 MeV 
Linac competitive with PSI 


- also enables muonium gravity measurement & other low-E µ+ applications


• With PIP-II, Fermilab potential muonium world leader (~ 102 x PSI)


• R&D can start now, with newly installed MTA low-energy muon beamline, 
giving muonium at PIP-II a running start


- about a day of installation remains to be done (target + instrumentation)


• Mu@MTA collaboration formed, seeks approval & funding


- cost-effective, few M$ project includes R&D and initial gravity experiment
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• Motivation:

- Muonium

° oscillation search

° precision spectroscopy

° gravity

• Fermilab & PIP-II advantages

• Summary & Conclusions

Outline

NOTE: references in this format are to talks at

https://indico.fnal.gov/event/55117/



Motivation
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• Much known about muonium… (AKA M, or Mu)

- a purely leptonic atom,  
discovered 1960 

- decays to e+ (fast) + e– (slow), τM = τµ = 2.2 µs

- readily produced when µ+ stop in matter

- chemically, almost identical to hydrogen

- atomic spectroscopy well studied

- free of hadronic & finite-size effects  
⇒ “ideal testbed” for QED, the search for  
new forces, precision measurement of muon properties, etc.

- invaluable for materials science  
(world µSR facilities:  ISIS@RAL, J-PARC, PSI, RCNP@Osaka, TRIUMF)

5

Why Muonium?

February 4, 2008 14:21 Proceedings Trim Size: 9in x 6in hughes˙mem˙KJ˙muonium
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Figure 1. Energy levels of the hydrogen-like muonium atom for states with principal
quantum numbers n=1 and n=2. The indicated transitions could be induced to date by
microwave or laser spectroscopy. High accuracy has been achieved for the transitions
which involve the ground state. The atoms can be produced most efficiently for n=1.

charge and spin carrying constituents inside the proton are not known to
sufficient accuracy.

High energy scattering experiments have shown for leptons no structure
down to dimensions of 10−18 m. They may therefore be considered ”point-
like”. As a consequence, complications as those arising from the structure
of the nucleus in natural atoms and such artificial systems that contain
hadrons are absent in the muonium atom (M = µ+e−), which is the bound
state of two leptons, a positive muon (µ+) and an electron (e) 1,2. It may
be considered a light hydrogen isotope.

The dominant interaction within the muonium atom (see Fig. 1) is elec-
tromagnetic. In the framework of bound state Quantum Electrodynamics
(QED) the electromagnetic part of the binding can be calculated to suffi-
ciently high accuracy for modern high precision spectroscopy experiments.
There are also contributions from weak interactions arising through Z0-
boson exchange and from strong interactions owing to vacuum polarization

[V. W. Hughes et al., “Formation of Muonium and Observation 
of its Larmor Precession,” Phys. Rev. Lett. 5 (1960) 63]

[A. Czarnecki, G. P. Lepage, W. Marciano,  
Phys. Rev. D 61 (2000) 073001]

(bound-state correction ~10–10)
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FIG. 2. The MACS apparatus at PSI searching for muonium-
antimuonium conversion. The signature requests the energetic
e2 from the m2 decay of M in a magnetic spectrometer in
coincidence with the atomic shell e1, which is accelerated and
magnetically guided onto a microchannel plate (MCP), and at
least one annihilation photon in a CsI calorimeter.

The experiment utilizes the world’s brightest continu-
ous surface muon channel pE5 [16] at the Paul Scher-
rer Institut (PSI) in Villigen, Switzerland. It provides
a central momentum p ≠ 26 MeVyc, a momentum bite
Dpyp ≠ 5%, and rates up to 8 3 106 m1ys. The beam
passes through a 280 mm scintillation counter and a
270 mm Mylar degrader. Muonium atoms are formed by
electron capture with 61(3)% efficiency after stopping the
m1 in a SiO2 powder target of thickness 8 mgycm2 and
supported in vacuo by a 25 mm aluminum foil with 30±

inclination with respect to the muon beam axis. Most of
the atoms emerge from the powder grains into the inter-
granular voids. Then, on average, 3.3% of them leave the
target surface with thermal Maxwell-Boltzmann velocity
distribution at 300 K [17].
When searching for M decays the energetic e2 is

detected in a magnetic spectrometer operated at B0 ≠
0.1 T magnetic field and covering 0.73 3 4p solid an-
gle around the M production target. It has five concen-
tric multiwire proportional chambers with radii of 8.2 to
32.0 cm and active lengths of 38 to 80 cm. They are
all equipped with two planes of segmented helical cath-
ode stripes for measuring radial, angular, and axial co-
ordinates. The momentum resolution at 50 MeVyc is
54(2)%, yielding a probability of 1025 for misidentify-
ing the charge of the particle. It is limited by the 2 mm
wire spacing. The chambers are surrounded by a 64-fold
segmented hodoscope. Subsequent to the m2 decay the
atomic shell e1 is accelerated to typically 7 keV in a two
stage electrostatic device. It is guided in an axial 0.1 T

magnetic field along a 3 m long transport region onto a
microchannel plate (MCP) detector with resistive anode
readout. A 35 mgycm2 magnesium oxide coated carbon
foil in front of this device provides secondary electrons
and hence yields a 4-fold enhancement of the detectors ef-
ficiency to 64(2)%. Furthermore, it reduces background
counts of low energy ions trapped in the magnetic field
[18]. The transport system is momentum selective due
to a 90± horizontal bend of radius 35 cm and a colli-
mator consisting of 40 cm long, 1 mm thick, and 9 mm
separated copper sheets which act to suppress particles
with longitudinal momenta exceeding 750 keVyc because
their gyration radii exceed 4.5 mm in the magnetic guid-
ing field. The field gradient in the bend region causes
a vertical drift for charged particles proportional to their
momenta. It is compensated for 7 keV e1 by a trans-
verse electrostatic field region preceding the bend which
also deflects low energy m1 and ions.
Positrons are uniquely identified by annihilation radi-

ation when striking the MCP which is centered inside a
barrel-shaped 12-fold segmented pure CsI crystal detec-
tor. This detector had 4.5(3) ns time and 350(20) keV
energy resolution (FWHM). Positrons were required to
deposit an energy between Eg ≠ 0.2 and 1.0 MeV and
to be detected within jtCsIj , 6 ns of a hit on the MCP.
Using e1 from radioactive sources the acceptance for at
least one of two 511 keV annihilation photons was deter-
mined to be ´CsI,1g ≠ 79s4%d for all measurements.
The transport path has 80(2)% transmission and con-

serves transverse spatial information of the decay vertex.
It can be reconstructed radially to 8.0(4) mm and axially
to 8.6(5) mm (FWHM) if, in addition, track parameters
are used from the energetic e2. The limitations on the
position resolution arise at high energies again from pro-
portional chamber wire spacing and at low energies from
multiple scattering in the 1 mm carbon fiber beam tube.
During data taking, every 5 h the M production yield

was determined at low beam rates s2 3 104 m1ysd using
a method which is based on a model established in
preceding experiments [13,17]. The number of atoms
in the fiducial volume was determined mainly from
the distribution of time intervals tdecay between a beam
counter signal from the incoming muon and the detection
of the atomic electron on the MCP (Fig. 3). On average,
5.0s2d 3 1023 of the incoming m1 were observed to
decay as M atoms in vacuo. The SiO2 targets were
replaced twice a week, since the M yield deteriorated on
a time scale of a week associated with the release of H2O
molecules from the powder.
The final search result was obtained in three data-taking

periods with a total duration of six months distributed
over four years (Table I) during which the sensitivity
of the instrument was constantly improved. In total
NM ≠ 5.6s1d 3 1010 M atoms in vacuo were investi-
gated for M decays. Two major sources of potential
background were identified: (i) accidental coincidences of
energetic e2 produced by Bhabha scattering of e1 from M

50

Muonium Double CLFV?
• Muonium-antimuonium (M-M̄) oscillation  

would be doubly charged-lepton-flavor violating

• Nothing forbids it except lepton- 
flavor conservation

- which we know (ν mixing) is violated!

‣ but M ↔ M̄ via virtual ν mixing negligible

‣ ≈ background-free search for new physics!

‣ in some models, more likely than µN → eN 

• Current limit set by MACS (1999)  
at PSI:  PMM̄ ≤ 8.3 × 10–11 (90% C.L.)  
in 0.1 T field

6

[L. Willmann et al., “New Bounds from a Search for 
Muonium to Antimuonium Conversion,” PRL 82 (1999) 49]

simultaneous  { µ
+ → e+

                                        e– → µ–

Willmann talk

https://indico.fnal.gov/event/55117/contributions/244749/
https://indico.fnal.gov/event/55117/contributions/244749/
https://indico.fnal.gov/event/55117/contributions/244749/
https://indico.fnal.gov/event/55117/contributions/244749/
https://indico.fnal.gov/event/55117/contributions/244749/
https://indico.fnal.gov/event/55117/contributions/244749/
https://indico.fnal.gov/event/55117/contributions/244749/
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• Can one now do better?

• Yes!

- now know how to make slow, quasi-
monochromatic M source – a game changer!

- based on behavior of µ+ in superfluid He

... (more in a few slides)

7

Muonium Double CLFV?

Phillips talk

https://indico.fnal.gov/event/55117/contributions/244751/
https://indico.fnal.gov/event/55117/contributions/244751/
https://indico.fnal.gov/event/55117/contributions/244751/
https://indico.fnal.gov/event/55117/contributions/244751/
https://indico.fnal.gov/event/55117/contributions/244751/
https://indico.fnal.gov/event/55117/contributions/244751/
https://indico.fnal.gov/event/55117/contributions/244751/
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Muonium Spectroscopy

8

[P. Crivelli, “The Mu-MASS 
(muonium laser spectroscopy) 
experiment,” Hyp. Int. 239 (2018) 1]

• M 1S-2S transition 
frequency (theory) =  
2,455,528,935.4(1.4) MHz

- 0.6 ppb QED prediction!

- M atom composed of  
2 point-like leptons

‣ hadronic & finite-size corrections negligible

• Measured (1999) to 9.8 MHz (4 ppb) at RAL

- & similar story for M hyperfine splitting:   
measured (1999) to 12 ppb at LAMPF

[V. Meyer et al., “Measurement of 
the 1s−2s Energy Interval in 
Muonium,” Phys. Rev. Lett. 84, 
1136 (2000); 
I. Fan et al., Phys. Rev. A 89, 
032513 (2014)]
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• New 1S-2S experiment, Mu-MASS, now in 
R&D/commissioning stage at PSI

- goal:  improve sensitivity x1000 (<10 kHz), 4 ppt

- systematics expected to dominate

° PIP-II muon rate (~2 orders higher than current PSI) 
would help

– will allow better handle on systematics (per Crivelli)

• Also MUSEUM in progress at J-PARC

- goal:  improve hyperfine sensitivity x10 (1 ppb)

9

Muonium Spectroscopy
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• Want low-divergence beam of slow muonium 
traveling in vacuum – no such beam anywhere

• Proposals by D. Taqqu of Paul Scherrer 
Institute:

- stop slow (keV) muons  
in ~ µm-thick layer of  
superfluid He (SFHe)

o or (T. Phillips, IIT) use  
~ 100 µm SFHe layer 
for ~ 102 ↑ intensity?

- R&D in progress @ PSI & proposed @ Fermilab

10

Novel Cryogenic M Source

Figure 5: (a) Observed decay asymmetry (a measure of Mu production, normalized such that an asymmetry
of 1 means ⇡ 100% conversion of stopping µ+ to Mu) in SFHe vs. temperature (from the Dec. 2017 PSI
beam test), averaged over various applied B-field values and orientations, compared with results of Ref. [65];
the new results indicate that Mu formation at temperatures down to 260mK remains favorable for MAGE,
with ⇡ 70% of stopped µ+ forming muonium atoms. (b) Decay asymmetry vs. the electrode voltage V used
to create an electric field E within the SFHe, normalized to decay asymmetry observed at E = 0. For V < 0,
E-field attracted µ+ towards the electrode, separating them from their ionization electrons and impeding
Mu formation. This verifies the e�cacy of the E-field technique required in the thick-film approach.

Table 1: Cryosystem quote summary (from A. Knecht et al., successful
PSI proposal to SNSF).

Item BlueFors Oxford Janis
Original budgetary quote 558.3 ke 568.5 ke 993.9 k$
Magnet system 54.6 ke - 54.6 ke
2nd pulse-tube cooler - 78.9 ke 78.9 ke
Additional vacuum pump - 10.4 ke 10.4 ke
Custom cabling 10 ke 10 ke -
Helium gas capillary 10 ke 10 ke -
Modified thermal shields 15 ke 15 ke -
Modified vacuum chamber 15 ke 15 ke -

Sum 662.9 ke 707.8 ke 1015.7 ke
Euro/CHF: 1.10 729.2 kCHF 778.6 kCHF 1117.3 kCHF

Figure 6: 3D drawing of 2-layer
barrel scintillating-fiber tracker,
surrounded by outer scintillator-
bar hodoscope used for trigger
purposes and to break recon-
struction ambiguity.

by each vendor. The detailed cryosystem design is in progress at PSI, and the actual cost will
be known once the PSI procurement process is completed.) We have backed the (unneeded for
interferometer commissioning) magnet system cost out of our own cost-share calculation: (662.9 –
54.6) ke⇥ 1.242 $/e=756 k$. (This estimate will need to be revisited based on as-spent dollars.)
Muonium detection: It is important to count only Mu atoms that have passed through the
interferometer. This can be accomplished via a coincidence technique. The decaying muons will
emit positrons, which (due to the high µ ! e⌫⌫ Q-value) emerge preferentially at large angles to
the Mu direction. These will be detected using a scintillating-fiber positron tracker [66] (Fig. 6)
surrounding the beam path downstream of the interferometer. The remaining, no-longer bound,
electrons will be electrostatically accelerated towards a position-sensitive charged-particle detector
such as a microchannel plate [67] (MCP). The coincidence of these two signals can be used to sup-
press background due to cosmics and beam muons decaying within the interferometer. Only 1.5%
of Mu entering the interferometer will survive to reach the third grating, so electron detection will
be important for rejection of background tracks originating before or within the third grating. The
positron tracker will be a pipelined device with negligible dead time even with a high background
rate. The MCP signal rate will be <⇠ 1 kHz, with ⇠µs dead time per event, but a large background
rate could cause some dead time, so careful shielding may be necessary. Alternate technologies for

6

H immiscible 

in SFHe ⇒ 

µM should 

expel M 
atoms at 

6,300 m/s,  

⟂ to SFHe 

surface

       A. Antognini et al.  
       (ETHZ/PSI/IIT, 2020)
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Focusing a Beam of Ultracold Spin-Polarized Hydrogen
Atoms with a Helium-Film-Coated Quasiparabolic Mirror

U. G. Luppov
Randall Laboratory of Physics, University of Michigan, Ann Arbor, Michigan $8109 112-0

and Joint Institute for Nuclear Research, Dubna, Russia

W. A. Kaufman, K. M. Hill, * R. S. Raymond, and A. D. Krisch
Randall Laboratory of Physics, University of Michigan, Ann Arbor, Michigan $8109 112-0

(Received 7 January 1993)

We formed the first "atomic-optics" beam of electron-spin-polarized hydrogen atoms using a quasi-
parabolic polished copper mirror coated with a hydrogen-atom-reflecting film of superAuid He. The
mirror was located in the gradient of an 8-T solenoidal magnetic Beld and mounted on an ultracold
cell at 350 mK. After the focusing by the mirror surface, the beam was again focused with a sextupole
magnet. The mirror, which was especially designed for operation in the magnetic field gradient of
our solenoid, increased the focused beam intensity by a factor of about 7.5.

PACS numbers: 29.25.pj, 34.30.+n, 67.70.+n

Many high energy spin physics experiments require
a high intensity spin-polarized atomic hydrogen source,
which is either accelerated as a high energy polarized pro-
ton beam, or used as a polarized internal target placed in
a stored high energy beam [1]. We are developing an ul-
tracold high density jet target [2] of proton-spin-polarized
hydrogen atoms for the experiments NEPTUN-A [3] and
NEPTUN [4] at the 400 GeV to 3 TeV UNK proton ac-
celerator in Protvino, Russia. This relatively new ultra-
cold method uses a cell coated with superfIuid 4He and
a high magnetic field to produce electron-spin-polarized
atomic hydrogen [5]. Depolarization and recombination
into molecular hydrogen are strongly suppressed because
the average thermal energy is much too small to flip the
electron spin. Using the Michigan ultracold prototype
jet [2], we recently investigated "no microwave" extrac-
tion, which uses a steep magnetic field gradient to sep-
arate the cold hydrogen atoms of different electron-spin
states [6, 7]. This method yielded about the same dc flow
of almost 10 ~ electron-spin-polarized hydrogen atoms
per sec (H s ) into a compression tube (CT) detector [6]
as our earlier "microwave" extraction method [2).
The quantum refIection of cold hydrogen atoms from

a helium-film-covered surface was first demonstrated by
Berkhout et al [8]. They m. easured about 80% specu-
lar refIectivity for normal incidence on a hemispherical
optical quality concave quartz mirror coated with a 100-
mK saturated He film. The quantum reHection occurs
because each hydrogen atom is light and interacts very
weakly with the helium film.
We now report the first formation of an external beam

of ultracold electron-spin-polarized hydrogen atoms us-
ing a highly polished quasiparabolic copper mirror coated
with a He film. This mirror focusing significantly im-
proved our jet's beam transport efIiciency and thus in-
creased the detected beam intensity by a factor of about
(7.5 to 3.7)x10i5 Hs . This is an important step to-
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I IG. 1. Schematic diagram of the Michigan prototype ul-
tracold spin-polarized atomic hydrogen jet.

wards our goal of 10i7 H s
The Michigan prototype jet [2] using the no-

microwave-extraction method [6] is shown in Fig. 1. The
atomic hydrogen was produced in a room temperature rf
dissociator and guided to an ultracold stabilization cell
through a Teflon tube with a Tefion-coated copper nozzle
held at about 20 K. The double walls of the cell formed
the horizontal mixing chamber of the dilution refrigera-
tor; its cooling power was about 20 mW at 300 mK. A
bafne near the cell's exit aperture thermalized the out-
going atoms. The cell's entrance and exit apertures were
respectively located at 95'Fo and 65% of the central field
of the 8-T superconducting solenoid. The cell was com-
pletely covered with a superfiuid 4He film; it typically
operated for about 3 h at a temperature of 350 mK.
After the hydrogen atoms were sufficiently thermalized

by collisions with the cell surfaces, the magnetic field gra-
dient physically separated the atoms according to their
two different electron-spin states. The atoms in the two
lowest hyperfine states (high field seekers) were attracted
toward the high field region. Most of these atoms even-
tually escaped from the cell through the 50-mm2 annu-
lar gap around the entrance nozzle. These atoms then
recombined on bare surfaces; the resulting molecular hy-
drogen was pumped away by cryopanels and other cold

003 1-9007/9 3/71 (15)/2405 (4)$06.00
1993 The American Physical Society
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surfaces. The atoms in the two higher energy hyper-
fine states (low field seekers) were repelled toward the
low Geld regions, where they collected and then e8'used
from the 5-mm-diam exit aperture. After emerging from
the exit aperture, the electron-spin-polarized atoms were
magnetically accelerated by the remaining Geld gradient.
We measured the extracted atomic hydrogen beam

Aux, using a compression tube detector mounted down-
stream of both the cell and the sextupole magnet as
shown in Fig. 1. The hydrogen atoms entered the de-
tector through a 5 mmx10 mm rectangular slit, which
was the only opening and was rotated for alignment
with the beam. The atomic hydrogen quickly recom-
bined into molecular hydrogen on the detector's room
temperature inner surfaces. The incoming atomic hy-
drogen flow was determined from the measured pressure
diKerence between the inside and outside of the CT vol-
ume; both pressures were measured with cold cathode
magnetron gauges [9]. The detector was calibrated by
bleeding molecular hydrogen into the CT volume at a
known rate.
A 30-cm-long water-cooled sextupole with a 7.5-cm-

diam bore and a 3.8-kG pole-tip field at 200 A focused
the atomic beam into the CT. The liquid-helium-cooled
5-crn i.d. transport tube through the sextupole reduced
the radiation heat load to the cell. Cryosorption panels
located along the beam decreased the residual gas pres-
sure, and thereby reduced the beam-gas scattering. The
apparatus is described in more detail in Ref. [6].
We designed a "parabolic" mirror to use specular re-

flection [8) as an "atomic-optics" focusing technique in
our ultracold spin-polarized atomic hydrogen jet tar-
get. Assuming specular reBection and a point source,
a parabolic mirror should form a parallel beam of atomic
hydrogen. Such a mirror could significantly increase the
beam available for focusing by a sextupole magnet. We,
therefore, made three diferent somewhat parabolic mir-
rors and mounted each mirror with its focus at the cell
exit aperture as shown in Fig. 2. We then measured the
intensity of the beam focused into the CT detector by
each mirror. Each mirror was made of oxygen-free elec-
trolytic copper whose high thermal conductivity helped

FIG. 3. The calculated and manufactured mirror shapes.
The dot-dashed curve is the calculated parabolic mirror. The
dotted curve is the calculated field gradient mirror while the
solid curve is the manufactured four-coned mirror.

to maintain a low-temperature 4He film on the surfaces.
Using the uncoated cell as a recombination detector, the
atomic hydrogen feed rate to the cell was determined
calorimetrically to be about 2x10i7 Hs
We first made baseline measurements with no mirror;

the measured CT signal was plotted versus the sextupole
current at several diferent solenoid fields [10]. The max-
imum signal was observed at a central solenoid field of
7.3 T; this gave the largest gradient which increased
both the electron-spin separation inside the cell and the
solenoid focusing outside. The measured CT signal at
the optimum sextupole current for each solenoid field is
later shown in Fig. 5 as the no-mirror baseline [11].
To rnatch our geometry, we first designed 8 parabolic

mirror with a focal length of 2.5 mm and a length of
43 mm, as shown in Fig. 3. With no magnetic field gra-
dient, this parabolic mirror would intercept about 80%%uo

of the atoms excusing from a point source at the focus;
the remaining 20%%uo would miss the inirror. We then
manufactured two mirrors that were single-coned and
double-coned approximations to this parabola; however,
at a solenoid Beld of 7.3 T, both these mirrors increased
the CT signal by only about 40%%uo. Unfortunately, in a
solenoid field gradient, a parabolic mirror is not exactly
correct for producing a parallel atomic beam. With no
Geld gradient, each atom's trajectory would be straight,
and would be reflected parallel to the parabolic mirror's
axis. However, the field gradient accelerated each atom
and bent its trajectory; thus each atom was reflected at
some angle to the mirror axis.
To obtain a more parallel reBected beam, we then de-

signed a quasiparabolic "field gradient mirror"; by as-
suming that the magnetic Geld decreases linearly along
the axis, one obtains parabolic trajectories in the gradi-
ent region. This mirror should reflect all monochromatic
atoms emitted by a point source into a parallel beam.
The mirror shape is given in cylindrical coordinates by

2406

• SFHe H mirror 
an established 
technique 
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muCool @ PSI
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Demonstration of Muon-Beam Transverse Phase-Space Compression

A. Antognini ,1,2,* N. J. Ayres ,1 I. Belosevic ,1,† V. Bondar,1 A. Eggenberger,1 M. Hildebrandt ,2 R. Iwai,1

D. M. Kaplan ,3 K. S. Khaw ,1,‡ K. Kirch ,1,2 A. Knecht ,2 A. Papa,2,4 C. Petitjean,2 T. J. Phillips,3

F. M. Piegsa,1,§ N. Ritjoho,2 A. Stoykov ,2 D. Taqqu,1 and G. Wichmann1,∥

(muCool Collaboration)

1Institute for Particle Physics and Astrophysics, ETH Zürich, 8093 Zürich, Switzerland
2Paul Scherrer Institute, 5232 Villigen-PSI, Switzerland

3Illinois Institute of Technology, Chicago, Illinois 60616, USA
4Dipartimento di Fisica, Università di Pisa and INFN sez. Pisa, Largo B. Pontecorvo 3, 56127 Pisa, Italy

(Received 5 April 2020; revised 17 August 2020; accepted 15 September 2020; published 15 October 2020)

We demonstrate efficient transverse compression of a 12.5 MeV=c muon beam stopped in a helium gas
target featuring a vertical density gradient and crossed electric and magnetic fields. The muon stop
distribution extending vertically over 14 mm was reduced to a 0.25 mm size (rms) within 3.5 μs. The
simulation including cross sections for low-energy μþ-He elastic and charge exchange (μþ ↔ muonium)
collisions describes the measurements well. By combining the transverse compression stage with a
previously demonstrated longitudinal compression stage, we can improve the phase space density of a μþ

beam by a factor of 1010 with 10−3 efficiency.
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Next generation precision experiments with muons and
muonium atoms [1], such as muon g − 2 and electric dipole
moment (EDM) measurements [2–4], muonium spectro-
scopy [5], and muonium gravity measurements [6,7], require
high-intensity muon beams at low energy with small trans-
verse size and energy spread. No muon beams currently
available fulfill these requirements. To improve the quality of
the muon beam, phase space cooling techniques are needed.
Conventional methods, such as stochastic cooling [8] and
electron cooling [9], are not applicable due to the short muon
lifetime of 2.2 μs (at rest). Alternative beam cooling
techniques based on muon energy moderation in materials
have been developed [10,11]; however, they suffer from low
cooling efficiencies (< 10−4).
At the Paul Scherrer Institute, we are developing a novel

device that reduces the full (transverse and longitudinal)
phase space of a surface [12] (28 MeV=c momentum) μþ

beam by 10 orders of magnitude with 10−3 efficiency [13].
This so-called muCool device is placed inside a 5 Tmagnetic
field, pointing in the þz direction (Fig. 1). First, a surface
muon beam propagating in the −z direction is stopped in a
few mbar of cryogenic helium gas (at 10 K on average),

reducing the muon energy from MeV to the eV range. As a
result of the slowing down, the momentum that spreads in all
directions σpx;py;pz

are reduced from OðMeV=cÞ to about
20 keV=c. The 6D phase space is subsequently further
reduced by compressing the spatial extent σx;y;z (rms) while
keeping the same momentum spread. This is achieved by
guiding the stopped muons into a sub-mm spot using a
combination of strong electric and magnetic fields and gas
density gradients in three stages (see Fig. 1).
In the first stage (transverse compression), the electric

field is perpendicular to the magnetic field and at 45°
with respect to the x axis: E⃗ ¼ ðEx; Ey; 0Þ, with
Ex ¼ Ey ≈ 1 kV=cm. In vacuum, such fields would prompt
the stopped muons to drift in the Ê × B̂ direction, perform-
ing cycloidal motion at the cyclotron frequency
ω ¼ eB=mμ, where mμ is the muon mass.
However, in the muCool device, the muons collide with

He gas atoms with an average frequency νc, which depends
on the gas density, elastic μþ-He cross section, and muon
energy. These collisions lead to muon energy loss and
direction change, modifying the muon motion compared to
that in vacuum, so that muons drift at an angle θ relative to
the Ê × B̂ direction [14]:

tan θ ¼ νc
ω
: ð1Þ

This equation can be understood as follows: for νc > ω,
muons collide with He atoms at the beginning of the
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Make M beam stoppable in ~µm SFHe layer 

cycloidal motion, before their trajectory is significantly
bent by the magnetic field, resulting in a large θ (blue
trajectory in Fig. 1). For νc < ω, muons travel further in the
Ê × B̂ direction between collisions (similar to vacuum),
resulting in a smaller θ (green trajectory in Fig. 1).
By changing the collision frequency we can thus

manipulate the muon drift direction. In the transverse
compression stage, we change the collision frequency by
modifying the gas density: the top of the apparatus is kept at
higher temperature than the bottom (19 K versus 6 K),
creating a temperature gradient in the vertical (y) direction.
The pressure is chosen so that ðνc=ωÞ ¼ 1 at y ¼ 0. Muons
at different y positions (at fixed x position) experience
different densities, resulting in different drift directions: a
muon stopped at the bottom of the target (higher density)
experiences more collisions ½ðνc=ωÞ > 1% and will thus drift
predominately in the Ê direction (large θ, upwards), while a
muon stopped in the top part (lower density) collides less
frequently with He atoms ½ðνc=ωÞ < 1%, resulting in drift
predominately in the Ê × B̂ direction (small θ, down-
wards). As a result, muons stopped at different y positions
converge towards y ¼ 0, while drifting in the þx direction,
ultimately reaching a size σy ≈ 0.25 mm. Throughout this
drift, the collisional energy loss is balanced by the accel-
eration in the electric field, so that ∼20 keV=c momentum
spreads σpx;py;pz

are maintained; combined with the spatial
compression in the y direction we thus obtain transverse
(σyσpy

) phase-space compression.
Subsequently, the muons enter the second stage,

at room temperature, where E⃗ ¼ ð0; Ey;'EzÞ, with
Ey ¼ 2Ez ¼ 0.1 kV=cm. The Ez component drifts the
muons towards z ¼ 0, thus reducing their σz extent to
sub-mm (longitudinal compression). Simultaneously, at
this low density, the Ey component drifts the muons in
the Ê × B̂ (þx) direction, towards the extraction stage.
From there, the sub-mm muon beam can be extracted
though a small orifice into vacuum, reaccelerated along the
z direction with pulsed electric fields to keV energies, and
extracted from the magnetic field. Efficient muon-beam

longitudinal compression, including an Ê × B̂ drift, has
already been demonstrated [15,16].
In this Letter we demonstrate the muon transverse

compression stage of the muCool device. For this demon-
stration, about 2 × 104 μþ=s at 12.5 MeV=c were injected
into the 25-cm-long target placed inside a 5-tesla solenoid.
Before entering the target, the muons traversed a
55-μm-thick entrance detector, several thin foils, and a
copper aperture, defining the beam injection position.
The transverse target gas volume was enclosed by a

Kapton foil, folded and glued around two triangular PVC
end caps. The large thermal conductivity of single crystal
sapphire plates glued to the top and bottom target walls
assured homogeneous wall temperatures. The required He
gas temperature gradient from 6 to 19 K was produced by
heating the top sapphire and thermally connecting the
bottom sapphire to a cold finger [17].
The Kapton foil enclosing the gas volume was lined with

electrodes extending along the z direction. The 45° electric
field was defined by applying appropriate voltages to
several of these electrodes (see Fig. 1), which were
connected to other electrodes via voltage dividers.
Several plastic scintillator bars (A1...A3) were placed

around the target to monitor the muon movement by
detecting the μþ-decay positrons. The scintillators’ position
resolution was improved by embedding them in
collimators, mechanically decoupled from the target. An
additional downstream scintillator system (back detector)
was used for aligning the magnetic field and the beam on
the target axis (the muon beam follows the magnetic field
lines). Wavelength-shifting fibers, glued inside scintillator
grooves, transported the scintillation light from cryogenic
to room temperature, where it was read out using silicon
photomultipliers.
The probability of detecting the decay positrons versus

the muon decay position is shown in Fig. 2 for detectors
A1 and A2L. By recording time spectra for each detector
(with t ¼ 0 given by the muon entrance detector), we can
indirectly observe the muon drift. To demonstrate

FIG. 1. Left: schematic diagram of the muCool device. A standard muon beam is stopped in a cryogenic helium gas target with a
vertical temperature gradient inside a 5 T field. The extent of the stopped muons is reduced first in the transverse (y), then in the
longitudinal (z) direction. The now sub-mm muon beam is extracted through an orifice into vacuum and reaccelerated along the z axis.
The electrodes used to define the required electric field in the transverse compression stage are also sketched (gray and red rectangles),
along with the values of applied high voltage. Right: schematic of μþ trajectories in various gas densities and in crossed electric and
magnetic fields.
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• Possibility of “fifth force”?

- g – 2, B-decay and W-mass  
anomalies:  possible  
eµ nonuniversality?

stimulated extensive work

• Observable via M gravity?
- what g̅ sensitivity required? no theor. prediction available

• Experimental 1st step: 10% measurement already 
worthwhile, and challenging
- demonstrate M interferometry & calibration at several-pm level 

- can it be pushed to 1% and beyond? systematics + statistics

sensible to start with 10% and proceed step by step
13

Muonium Gravity:  Motivation
[Glashow, Guadagnoli, Lane, “Lepton Flavor Violation in B Decays?” PRL 
114 (2015) 091801;
Buttazzoa, Greljoa, Isidoria, Marzocca, “B-physics anomalies: a guide to 
combined explanations,” JHEP 2017 (2017) 44; 
R. Aaij et al. (LHCb Collaboration), “Test of lepton universality in beauty-
quark decays,” Nat. Phys. 18 (2022) 277;
M. Alguer ó et al., “Unified explanation of the anomalies in semileptonic B 
decays and the W mass,” PRD 106 (2022) 033005 and refs. therein; 
S. L. Chen et al., “Combined explanations of B-physics anomalies, (g − 
2)e,μ and neutrino masses by scalar leptoquarks,” EPJC 82 (2022) 959;
M. D. Zheng et al., “Explaining anomalies of B-physics, muon g − 2 and W 
mass in R-parity violating MSSM with seesaw mechanism,” EPJC 82 
(2022) 895;
N Desai, A Sengupta, “Status of leptoquark models after LHC Run-2 and 
discovery prospects at future colliders, arXiv 2301.01754 (2023);
…]
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• Weak Equivalence Principle of GR:

⇒ composition-independent gravitational acceleration

° assumed to apply to antimatter,  
but need not in quantum gravity

– could imply simpler alternative cosmology

° M provides only possible 2nd-generation gravitational test

• No direct test of antimatter gravity has yet been made

• Best limit (∆g/g  10 

–7):   
torsion pendulum (“Eöt-Wash”) & lunar laser ranging

- relies on assumed virtual-antimatter contribution to nuclear 
binding energy – untested assumption, inapplicable to M

- well worth a direct test!
14

Muonium Gravity:  Motivation

[D.S.M. Alves, M. Jankowiak, P. Saraswat, 
“Experimental constraints on the free fall  
acceleration of antimatter,” arXiv:0907.4110 [hep-ph]]

[M. M. Nieto, T. Goldman, “The Arguments Against 
‘Antigravity’ and the Gravitational Acceleration of 
Antimatter,” Phys. Rep. 205, 221–281 (1991)]

[see e.g. A. Benoit-Lévy and G. Chardin, 
“Introducing the Dirac-Milne universe,” Astron. 
& Astrophys. 537 (2012) A78]
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• Need 

- very precise atom interferometer 

- low-divergence, low-∆p/p muonium beam
15

vM ~ 6300 m/s ½ gt2 = ??? 24 pm!

2

ity experiment, then there would be no telling what ex-
citing physics could follow.”

The muonium experiment appears feasible now be-
cause of two recent inventions: (i) a new technique to
stop, extract and compress a high intensity beam of pos-
itive muons, to reaccelerate the muons to 10 keV and fo-
cus them into a beam spot of 100µm diameter or even
less [14]; and (ii) a new technique to efficiently convert
the muons to M atoms in superfluid helium at or below
0.5K in which they thermalize and from which they get
boosted by 270K perpendicular to the surface when they
leave into vacuum [15].

Assuming an existing surface muon beam of highest
intensity as input, see e.g. [16], it should be possible
to obtain an almost monochromatic beam of M atoms
(∆E/E ≈ 0.5/270) with a velocity of about 6300m/s
(corresponding to 270K or a wavelength λ ≈ 5.6Å) and
a 1-dimensional divergence of

√

∆E/E ≈ 43mrad at a
rate of about 105 s−1 M atoms [15]. This is a many orders
of magnitude brighter beam than available up to now.

Following the approach of [5, 6, 8, 9] a Mach-Zehnder
type interferometer should be used in the muonium ex-
periment. The principle with the source, the three grat-
ing interferometer and the detection region is sketched
in Fig. 1. We assume here three identical gratings and
use the first two for setting up the interference pattern
which is scanned by moving the third grating. The setup
is rather short, because the decay length of the M atoms
is about 1.4 cm only (τµ = 2.2 µs). The whole system
from source to detection may be 4 decay lengths long,
and without further collimation the source illuminates a
cross section of less than 5mm over the length of the
interferometer. The three free-standing gratings can be
made sufficiently large with existing, proven technology
with a period of 100 nm [17, 18] resulting in a diffrac-
tion angle θ = λ/d ≈ 5.6mrad. The optimum distance
L between two gratings is slightly larger than one decay
length; however, for simplicity here L = 1.4 cm. Assum-
ing another length L each, for distances of the source and
the detector to the nearest interferometer grating, results
in 4 decay lenghts. Decay and transmission loss by the
three 50% open ratio gratings reduces the initial M rate
by a factor 2 × 10−3, yielding N0 = 200 s−1 detected M.
Because only the indicated first order diffraction carries
the desired information but essentially all transmitted M
are detected, the interference pattern has a reduced con-
trast of somewhat below 4/9. Assuming a contrast of
C = 0.3 and using eqn. (3) of [9] yields the statistical
sensitivity of the experiment:

S =
1

C
√

N0

d

2π

1

τ2
(1)

≈ 0.3 g per
√

#days (2)

which means that the sign of ḡ is fixed after one day and
3% accuracy can be achieved after 100days of running.

With the quite satisfactory statistics, the next impor-
tant issues are the alignment and stability of the inter-

Θ

InterferometerSource Detection

L ~ 1.4 cm

d~100 nm
w<100   mµ

~ 43 mrad

x

FIG. 1: Scheme of the experimental setup: the M beam comes
from the cryogenic µ+ beam target on the left hand side,
enters and partially traverses the interferometer and reaches
the detection region on the right hand side. The dimensions
are not to scale and the diffraction angle θ is in reality smaller
than the divergence.

ferometer. The gravitational phase shift to be observed
is (using the notation of [9])

Φg =
2π

d
g τ2 ≈ 0.003. (3)

This is rather small but still an order of magnitude larger
than the phase shift due to the acceleration induced
by the rotation of the earth (Sagnac effect: 4πτ2v/d ×
ωearth ≈ 3 × 10−4). Other accelerations of the system
as a whole, e.g. from environmental noise, mainly af-
fect the contrast and must therefore be suppressed. The
same is true for misalignments of the gratings and their
drifts. The effects must be kept below the phase shift,
for example, for an unwanted translation ∆x of the third
(scanning) grating perpendicular to the M beam and the
lines of the grating one requires

2π
∆x

d
≤ Φg (4)

and consequently

∆x < 0.5 Å = 50 pm. (5)

Rotational misalignment of the gratings around the M
beam must be much less than the period over beam
height ratio, 100nm/5mm, or 20µrad and corresponding
drifts must not exceed 20 nrad. In a similar way, limits
for all other static or dynamic deviations from the per-
fect alignment of the three identical, equidistant, parallel
gratings can be obtained.

The relatively small size of the interferometer is a
major advantage for the stabilization. As in previous
matter interferometry experiments [5, 6] the muonium
experiment must use (multiple) laser interferometry for
alignment, monitoring and feedback position stabiliza-
tion. The gratings for the laser interferometry are ideally
integrated in the M atom gratings as perfect alignment
is required. State of the art piezo systems can be used
for positioning the gratings and for scanning of the third
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Testing Gravity with Muonium

K. Kirch∗

Paul Scherrer Institut (PSI), CH-5232 Villigen PSI, Switzerland
(Dated: February 2, 2008)

Recently a new technique for the production of muon (µ+) and muonium (µ+e−) beams of un-
precedented brightness has been proposed. As one consequence and using a highly stable Mach-
Zehnder type interferometer, a measurement of the gravitational acceleration ḡ of muonium atoms
at the few percent level of precision appears feasible within 100 days of running time. The inertial
mass of muonium is dominated by the mass of the positively charged - antimatter - muon. The
measurement of ḡ would be the first test of the gravitational interaction of antimatter, of a purely
leptonic system, and of particles of the second generation.

PACS numbers:

The gravitational acceleration of antimatter has not
been measured so far. An experiment with antiprotons
(see [1] and references therein) did not succeed because
of the extreme difficulty to sufficiently shield the inter-
action region from electromagnetic fields. For a simi-
lar reason, results of measurements with electrons [2] are
discussed very controversial and the plan to eventually
compare with positrons was never realized. Not affected
by these problems are neutral systems like antihydrogen
and, consequently, considerable effort today is devoted
to the preparation of suitable samples of antihydrogen
(compare [1]). A possibility to measure the effect of grav-
itation on neutral particles is via a phase acquired in the
gravitational potential in a suitably built interferometer,
demonstrated in the classic Colella–Overhauser–Werner
(COW) experiment [3]. In case of limited source per-
formance, when one has to deal with extended sources,
comparatively large beam divergence and poor energy
definition, Mach-Zehnder type interferometers have strik-
ing advantages [4]. Their performance has been demon-
strated, among others, with neutrons [5] and atoms [6].
The idea to apply interferometry to the measurement
of an antimatter system was inspired by the COW-
experiments and dates back, as far as I know, to the
1980s [7] but was put into print, with explicit mention-
ing of antihydrogen, positronium and antineutrons, first
in 1997 [8]. Common problems of the species are the qual-
ity of the particle beams and the availability of suitable,
sufficiently large gratings. The case of positronium was
further elaborated suggesting the use of standing light
waves as diffraction gratings [9] but the realization of an
experiment appears still very challenging. In the mean-
time also other experimental approaches to measure the
gravitational interaction have been proposed for antihy-
drogen and positronium, see [1] for an overview.

No discussion about a gravity experiment using muo-
nium atoms (M = µ+e−) appeared in the literature yet
and the original idea of using M atoms for testing anti-
matter gravity is again by Simons [7]. The suitability of
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M atoms comes from the fact that the inertial mass of
the muon is some 207 times larger than the one of the
electron, thus, muonium is almost completey, to 99.5%,
antimatter. An interesting feature is that M atoms are
almost exclusively produced at thermal energies by stop-
ping µ+ in matter which they often leave again as ther-
malized, hydrogen-like, M atom. However, up to until re-
cently, a gravitational experiment with muonium would
have been science fiction. The reason for this publication
is, that there is now the real chance to perform such an
experiment within the next few years.

An experiment with M atoms would constitute the
first test of the gravitational interaction of antimatter
with matter. It would also be the first and probably
unique test of particles of the second generation. While
it would also be the first test in a purely leptonic system
one should note that tests of the equivalence principle
proving at a high level of precision that the gravitational
interaction is independent of composition of test masses
also in principle prove (to still impressive precision) that
electrons fall in the same way as the rest of the material.
For a recent review on tests of the equivalence principle
see [10].

As a first measurement, the determination of the sign
of interaction could be already interesting (for a discus-
sion of antigravity see [11], but also, e.g, [12]), however, a
reasonable first goal for such an experiment would be to
determine ḡ to better than 10%. One should add here,
that it is not at all obvious that there could be a dis-
crepancy between the gravitational interaction of matter
and antimatter, see [13]. But the universality of [13] has
been disputed and possible scenarios have been sketched
in [11]. Anyhow, an experimentalist will probably favor
the direct measurement (and this, again, not only with
respect to antimatter but also to a lepton of the second
generation) over the discussion of models. The follow-
ing quote from [11] for antiprotons holds equally well for
muonium atoms: “It would be the first test of gravity, i.e.
general relativity, in the realm of antimatter. Even if the
experiment finds exactly what one expects, namely that
antimatter falls toward the earth just as matter does, it
would be, ’A classic, one for the text books.’ .... Of
course, if a new effect were found in the antiproton grav-
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Testing Gravity with Muonium

K. Kirch∗

Paul Scherrer Institut (PSI), CH-5232 Villigen PSI, Switzerland
(Dated: February 2, 2008)

Recently a new technique for the production of muon (µ+) and muonium (µ+e−) beams of un-
precedented brightness has been proposed. As one consequence and using a highly stable Mach-
Zehnder type interferometer, a measurement of the gravitational acceleration ḡ of muonium atoms
at the few percent level of precision appears feasible within 100 days of running time. The inertial
mass of muonium is dominated by the mass of the positively charged - antimatter - muon. The
measurement of ḡ would be the first test of the gravitational interaction of antimatter, of a purely
leptonic system, and of particles of the second generation.

PACS numbers:

The gravitational acceleration of antimatter has not
been measured so far. An experiment with antiprotons
(see [1] and references therein) did not succeed because
of the extreme difficulty to sufficiently shield the inter-
action region from electromagnetic fields. For a simi-
lar reason, results of measurements with electrons [2] are
discussed very controversial and the plan to eventually
compare with positrons was never realized. Not affected
by these problems are neutral systems like antihydrogen
and, consequently, considerable effort today is devoted
to the preparation of suitable samples of antihydrogen
(compare [1]). A possibility to measure the effect of grav-
itation on neutral particles is via a phase acquired in the
gravitational potential in a suitably built interferometer,
demonstrated in the classic Colella–Overhauser–Werner
(COW) experiment [3]. In case of limited source per-
formance, when one has to deal with extended sources,
comparatively large beam divergence and poor energy
definition, Mach-Zehnder type interferometers have strik-
ing advantages [4]. Their performance has been demon-
strated, among others, with neutrons [5] and atoms [6].
The idea to apply interferometry to the measurement
of an antimatter system was inspired by the COW-
experiments and dates back, as far as I know, to the
1980s [7] but was put into print, with explicit mention-
ing of antihydrogen, positronium and antineutrons, first
in 1997 [8]. Common problems of the species are the qual-
ity of the particle beams and the availability of suitable,
sufficiently large gratings. The case of positronium was
further elaborated suggesting the use of standing light
waves as diffraction gratings [9] but the realization of an
experiment appears still very challenging. In the mean-
time also other experimental approaches to measure the
gravitational interaction have been proposed for antihy-
drogen and positronium, see [1] for an overview.

No discussion about a gravity experiment using muo-
nium atoms (M = µ+e−) appeared in the literature yet
and the original idea of using M atoms for testing anti-
matter gravity is again by Simons [7]. The suitability of
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M atoms comes from the fact that the inertial mass of
the muon is some 207 times larger than the one of the
electron, thus, muonium is almost completey, to 99.5%,
antimatter. An interesting feature is that M atoms are
almost exclusively produced at thermal energies by stop-
ping µ+ in matter which they often leave again as ther-
malized, hydrogen-like, M atom. However, up to until re-
cently, a gravitational experiment with muonium would
have been science fiction. The reason for this publication
is, that there is now the real chance to perform such an
experiment within the next few years.

An experiment with M atoms would constitute the
first test of the gravitational interaction of antimatter
with matter. It would also be the first and probably
unique test of particles of the second generation. While
it would also be the first test in a purely leptonic system
one should note that tests of the equivalence principle
proving at a high level of precision that the gravitational
interaction is independent of composition of test masses
also in principle prove (to still impressive precision) that
electrons fall in the same way as the rest of the material.
For a recent review on tests of the equivalence principle
see [10].

As a first measurement, the determination of the sign
of interaction could be already interesting (for a discus-
sion of antigravity see [11], but also, e.g, [12]), however, a
reasonable first goal for such an experiment would be to
determine ḡ to better than 10%. One should add here,
that it is not at all obvious that there could be a dis-
crepancy between the gravitational interaction of matter
and antimatter, see [13]. But the universality of [13] has
been disputed and possible scenarios have been sketched
in [11]. Anyhow, an experimentalist will probably favor
the direct measurement (and this, again, not only with
respect to antimatter but also to a lepton of the second
generation) over the discussion of models. The follow-
ing quote from [11] for antiprotons holds equally well for
muonium atoms: “It would be the first test of gravity, i.e.
general relativity, in the realm of antimatter. Even if the
experiment finds exactly what one expects, namely that
antimatter falls toward the earth just as matter does, it
would be, ’A classic, one for the text books.’ .... Of
course, if a new effect were found in the antiproton grav-
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ity experiment, then there would be no telling what ex-
citing physics could follow.”

The muonium experiment appears feasible now be-
cause of two recent inventions: (i) a new technique to
stop, extract and compress a high intensity beam of pos-
itive muons, to reaccelerate the muons to 10 keV and fo-
cus them into a beam spot of 100µm diameter or even
less [14]; and (ii) a new technique to efficiently convert
the muons to M atoms in superfluid helium at or below
0.5K in which they thermalize and from which they get
boosted by 270K perpendicular to the surface when they
leave into vacuum [15].

Assuming an existing surface muon beam of highest
intensity as input, see e.g. [16], it should be possible
to obtain an almost monochromatic beam of M atoms
(∆E/E ≈ 0.5/270) with a velocity of about 6300m/s
(corresponding to 270K or a wavelength λ ≈ 5.6Å) and
a 1-dimensional divergence of

√

∆E/E ≈ 43mrad at a
rate of about 105 s−1 M atoms [15]. This is a many orders
of magnitude brighter beam than available up to now.

Following the approach of [5, 6, 8, 9] a Mach-Zehnder
type interferometer should be used in the muonium ex-
periment. The principle with the source, the three grat-
ing interferometer and the detection region is sketched
in Fig. 1. We assume here three identical gratings and
use the first two for setting up the interference pattern
which is scanned by moving the third grating. The setup
is rather short, because the decay length of the M atoms
is about 1.4 cm only (τµ = 2.2 µs). The whole system
from source to detection may be 4 decay lengths long,
and without further collimation the source illuminates a
cross section of less than 5mm over the length of the
interferometer. The three free-standing gratings can be
made sufficiently large with existing, proven technology
with a period of 100 nm [17, 18] resulting in a diffrac-
tion angle θ = λ/d ≈ 5.6mrad. The optimum distance
L between two gratings is slightly larger than one decay
length; however, for simplicity here L = 1.4 cm. Assum-
ing another length L each, for distances of the source and
the detector to the nearest interferometer grating, results
in 4 decay lenghts. Decay and transmission loss by the
three 50% open ratio gratings reduces the initial M rate
by a factor 2 × 10−3, yielding N0 = 200 s−1 detected M.
Because only the indicated first order diffraction carries
the desired information but essentially all transmitted M
are detected, the interference pattern has a reduced con-
trast of somewhat below 4/9. Assuming a contrast of
C = 0.3 and using eqn. (3) of [9] yields the statistical
sensitivity of the experiment:

S =
1

C
√

N0

d

2π

1

τ2
(1)

≈ 0.3 g per
√

#days (2)

which means that the sign of ḡ is fixed after one day and
3% accuracy can be achieved after 100days of running.

With the quite satisfactory statistics, the next impor-
tant issues are the alignment and stability of the inter-

Θ

InterferometerSource Detection

L ~ 1.4 cm

d~100 nm
w<100   mµ

~ 43 mrad

x

FIG. 1: Scheme of the experimental setup: the M beam comes
from the cryogenic µ+ beam target on the left hand side,
enters and partially traverses the interferometer and reaches
the detection region on the right hand side. The dimensions
are not to scale and the diffraction angle θ is in reality smaller
than the divergence.

ferometer. The gravitational phase shift to be observed
is (using the notation of [9])

Φg =
2π

d
g τ2 ≈ 0.003. (3)

This is rather small but still an order of magnitude larger
than the phase shift due to the acceleration induced
by the rotation of the earth (Sagnac effect: 4πτ2v/d ×
ωearth ≈ 3 × 10−4). Other accelerations of the system
as a whole, e.g. from environmental noise, mainly af-
fect the contrast and must therefore be suppressed. The
same is true for misalignments of the gratings and their
drifts. The effects must be kept below the phase shift,
for example, for an unwanted translation ∆x of the third
(scanning) grating perpendicular to the M beam and the
lines of the grating one requires

2π
∆x

d
≤ Φg (4)

and consequently

∆x < 0.5 Å = 50 pm. (5)

Rotational misalignment of the gratings around the M
beam must be much less than the period over beam
height ratio, 100nm/5mm, or 20µrad and corresponding
drifts must not exceed 20 nrad. In a similar way, limits
for all other static or dynamic deviations from the per-
fect alignment of the three identical, equidistant, parallel
gratings can be obtained.

The relatively small size of the interferometer is a
major advantage for the stabilization. As in previous
matter interferometry experiments [5, 6] the muonium
experiment must use (multiple) laser interferometry for
alignment, monitoring and feedback position stabiliza-
tion. The gratings for the laser interferometry are ideally
integrated in the M atom gratings as perfect alignment
is required. State of the art piezo systems can be used
for positioning the gratings and for scanning of the third

Sensitivity estimate 
@ 100 kHz: 

• Conceptual sketch: 
2τµ = statistical 

optimum

fast e+

slow e–
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ity experiment, then there would be no telling what ex-
citing physics could follow.”

The muonium experiment appears feasible now be-
cause of two recent inventions: (i) a new technique to
stop, extract and compress a high intensity beam of pos-
itive muons, to reaccelerate the muons to 10 keV and fo-
cus them into a beam spot of 100µm diameter or even
less [14]; and (ii) a new technique to efficiently convert
the muons to M atoms in superfluid helium at or below
0.5K in which they thermalize and from which they get
boosted by 270K perpendicular to the surface when they
leave into vacuum [15].

Assuming an existing surface muon beam of highest
intensity as input, see e.g. [16], it should be possible
to obtain an almost monochromatic beam of M atoms
(∆E/E ≈ 0.5/270) with a velocity of about 6300m/s
(corresponding to 270K or a wavelength λ ≈ 5.6Å) and
a 1-dimensional divergence of

√

∆E/E ≈ 43mrad at a
rate of about 105 s−1 M atoms [15]. This is a many orders
of magnitude brighter beam than available up to now.

Following the approach of [5, 6, 8, 9] a Mach-Zehnder
type interferometer should be used in the muonium ex-
periment. The principle with the source, the three grat-
ing interferometer and the detection region is sketched
in Fig. 1. We assume here three identical gratings and
use the first two for setting up the interference pattern
which is scanned by moving the third grating. The setup
is rather short, because the decay length of the M atoms
is about 1.4 cm only (τµ = 2.2 µs). The whole system
from source to detection may be 4 decay lengths long,
and without further collimation the source illuminates a
cross section of less than 5mm over the length of the
interferometer. The three free-standing gratings can be
made sufficiently large with existing, proven technology
with a period of 100 nm [17, 18] resulting in a diffrac-
tion angle θ = λ/d ≈ 5.6mrad. The optimum distance
L between two gratings is slightly larger than one decay
length; however, for simplicity here L = 1.4 cm. Assum-
ing another length L each, for distances of the source and
the detector to the nearest interferometer grating, results
in 4 decay lenghts. Decay and transmission loss by the
three 50% open ratio gratings reduces the initial M rate
by a factor 2 × 10−3, yielding N0 = 200 s−1 detected M.
Because only the indicated first order diffraction carries
the desired information but essentially all transmitted M
are detected, the interference pattern has a reduced con-
trast of somewhat below 4/9. Assuming a contrast of
C = 0.3 and using eqn. (3) of [9] yields the statistical
sensitivity of the experiment:

S =
1

C
√

N0

d

2π

1

τ2
(1)

≈ 0.3 g per
√

#days (2)

which means that the sign of ḡ is fixed after one day and
3% accuracy can be achieved after 100days of running.

With the quite satisfactory statistics, the next impor-
tant issues are the alignment and stability of the inter-
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d~100 nm
w<100   mµ

~ 43 mrad
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FIG. 1: Scheme of the experimental setup: the M beam comes
from the cryogenic µ+ beam target on the left hand side,
enters and partially traverses the interferometer and reaches
the detection region on the right hand side. The dimensions
are not to scale and the diffraction angle θ is in reality smaller
than the divergence.

ferometer. The gravitational phase shift to be observed
is (using the notation of [9])

Φg =
2π

d
g τ2 ≈ 0.003. (3)

This is rather small but still an order of magnitude larger
than the phase shift due to the acceleration induced
by the rotation of the earth (Sagnac effect: 4πτ2v/d ×
ωearth ≈ 3 × 10−4). Other accelerations of the system
as a whole, e.g. from environmental noise, mainly af-
fect the contrast and must therefore be suppressed. The
same is true for misalignments of the gratings and their
drifts. The effects must be kept below the phase shift,
for example, for an unwanted translation ∆x of the third
(scanning) grating perpendicular to the M beam and the
lines of the grating one requires

2π
∆x

d
≤ Φg (4)

and consequently

∆x < 0.5 Å = 50 pm. (5)

Rotational misalignment of the gratings around the M
beam must be much less than the period over beam
height ratio, 100nm/5mm, or 20µrad and corresponding
drifts must not exceed 20 nrad. In a similar way, limits
for all other static or dynamic deviations from the per-
fect alignment of the three identical, equidistant, parallel
gratings can be obtained.

The relatively small size of the interferometer is a
major advantage for the stabilization. As in previous
matter interferometry experiments [5, 6] the muonium
experiment must use (multiple) laser interferometry for
alignment, monitoring and feedback position stabiliza-
tion. The gratings for the laser interferometry are ideally
integrated in the M atom gratings as perfect alignment
is required. State of the art piezo systems can be used
for positioning the gratings and for scanning of the third

Sensitivity estimate 
@ 100 kHz: 

• Conceptual sketch: 

where
C = 0.3 (est. contrast)
N0 = # of events
d = 100 nm (grating pitch)
τ = inter-grating time 

sign of ḡ with 1 day’s data

2τµ = statistical 
optimum

fast e+

slow e–
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ity experiment, then there would be no telling what ex-
citing physics could follow.”

The muonium experiment appears feasible now be-
cause of two recent inventions: (i) a new technique to
stop, extract and compress a high intensity beam of pos-
itive muons, to reaccelerate the muons to 10 keV and fo-
cus them into a beam spot of 100µm diameter or even
less [14]; and (ii) a new technique to efficiently convert
the muons to M atoms in superfluid helium at or below
0.5K in which they thermalize and from which they get
boosted by 270K perpendicular to the surface when they
leave into vacuum [15].

Assuming an existing surface muon beam of highest
intensity as input, see e.g. [16], it should be possible
to obtain an almost monochromatic beam of M atoms
(∆E/E ≈ 0.5/270) with a velocity of about 6300m/s
(corresponding to 270K or a wavelength λ ≈ 5.6Å) and
a 1-dimensional divergence of

√

∆E/E ≈ 43mrad at a
rate of about 105 s−1 M atoms [15]. This is a many orders
of magnitude brighter beam than available up to now.

Following the approach of [5, 6, 8, 9] a Mach-Zehnder
type interferometer should be used in the muonium ex-
periment. The principle with the source, the three grat-
ing interferometer and the detection region is sketched
in Fig. 1. We assume here three identical gratings and
use the first two for setting up the interference pattern
which is scanned by moving the third grating. The setup
is rather short, because the decay length of the M atoms
is about 1.4 cm only (τµ = 2.2 µs). The whole system
from source to detection may be 4 decay lengths long,
and without further collimation the source illuminates a
cross section of less than 5mm over the length of the
interferometer. The three free-standing gratings can be
made sufficiently large with existing, proven technology
with a period of 100 nm [17, 18] resulting in a diffrac-
tion angle θ = λ/d ≈ 5.6mrad. The optimum distance
L between two gratings is slightly larger than one decay
length; however, for simplicity here L = 1.4 cm. Assum-
ing another length L each, for distances of the source and
the detector to the nearest interferometer grating, results
in 4 decay lenghts. Decay and transmission loss by the
three 50% open ratio gratings reduces the initial M rate
by a factor 2 × 10−3, yielding N0 = 200 s−1 detected M.
Because only the indicated first order diffraction carries
the desired information but essentially all transmitted M
are detected, the interference pattern has a reduced con-
trast of somewhat below 4/9. Assuming a contrast of
C = 0.3 and using eqn. (3) of [9] yields the statistical
sensitivity of the experiment:

S =
1

C
√

N0

d

2π

1

τ2
(1)

≈ 0.3 g per
√

#days (2)

which means that the sign of ḡ is fixed after one day and
3% accuracy can be achieved after 100days of running.

With the quite satisfactory statistics, the next impor-
tant issues are the alignment and stability of the inter-
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FIG. 1: Scheme of the experimental setup: the M beam comes
from the cryogenic µ+ beam target on the left hand side,
enters and partially traverses the interferometer and reaches
the detection region on the right hand side. The dimensions
are not to scale and the diffraction angle θ is in reality smaller
than the divergence.

ferometer. The gravitational phase shift to be observed
is (using the notation of [9])

Φg =
2π

d
g τ2 ≈ 0.003. (3)

This is rather small but still an order of magnitude larger
than the phase shift due to the acceleration induced
by the rotation of the earth (Sagnac effect: 4πτ2v/d ×
ωearth ≈ 3 × 10−4). Other accelerations of the system
as a whole, e.g. from environmental noise, mainly af-
fect the contrast and must therefore be suppressed. The
same is true for misalignments of the gratings and their
drifts. The effects must be kept below the phase shift,
for example, for an unwanted translation ∆x of the third
(scanning) grating perpendicular to the M beam and the
lines of the grating one requires

2π
∆x

d
≤ Φg (4)

and consequently

∆x < 0.5 Å = 50 pm. (5)

Rotational misalignment of the gratings around the M
beam must be much less than the period over beam
height ratio, 100nm/5mm, or 20µrad and corresponding
drifts must not exceed 20 nrad. In a similar way, limits
for all other static or dynamic deviations from the per-
fect alignment of the three identical, equidistant, parallel
gratings can be obtained.

The relatively small size of the interferometer is a
major advantage for the stabilization. As in previous
matter interferometry experiments [5, 6] the muonium
experiment must use (multiple) laser interferometry for
alignment, monitoring and feedback position stabiliza-
tion. The gratings for the laser interferometry are ideally
integrated in the M atom gratings as perfect alignment
is required. State of the art piezo systems can be used
for positioning the gratings and for scanning of the third

Sensitivity estimate 
@ 100 kHz: 

• Conceptual sketch: 

where
C = 0.3 (est. contrast)
N0 = # of events
d = 100 nm (grating pitch)
τ = inter-grating time 
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Thick- vs. Thin-film SFHe
• ≳ 100 µm SFHe layer

• surface e– pool* creates E field:

- drifts µ+ to surface, where M 
formed & expelled to vacuum

*under exploration at e.g. U of C as potential qbit system 

(D. I. Schuster et al.)  

• Under development @ PSI

• ~ 1 µm SFHe layer, no drift field, 
requires tiny µ+ ∆E:

- µ+ form M within SFHe &  
diffuse at random

- ≈ 1/2 reach upper surface & 
expelled to vacuum

18

8

μ+

plastic scintillators

100 μm layer 
liquid helium

entrance detector
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dipole at ~ 0.3 T

2 cm thick  
copper absorbers

thermal shields
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100 mK stage of dilution refrigerator
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Figure 7: Side view of the setup for the test of muonium production in a thin superfluid helium
layer. For more details see text.

yield of mesoporous silicon oxide [19] and is routinely used in the muCool experiment to monitor

the drift of the muons (see Fig. 3). From a comparison of the measured time evolution of the

count rate in the upper and lower detectors with simulations we will be able to determine the

yield of muonium atoms into vacuum and their velocity.

2.2.3 Muonium production in thin superfluid helium films at low energy

In the final development phase we will bring a low-energy muon beam of around 10 keV energy

into the helium cell. This will allow to decrease the superfluid helium layer thickness even

further down to 1 µm and allow to reach the maximum e�ciency for muonium emission into

vacuum.

The development will either be done directly with the muCool beam described in Sec. 2.1.1,

if already available at that point in time, or at the low-energy muon beam line LEM operated

at PSI by the Laboratory for Muon Spin Spectroscopy [31]. As it is not possible for the low-

energy muons to pass through windows in the thermal shields, they have to be arranged with

openings as shown in Fig. 8. The only window is a 30 nm thick silicon nitride window on the

helium cell to contain the superfluid layer. The development of such vacuum-tight windows

is currently ongoing in the group of Prof. K. Kirch at ETH Zurich. They have already been

used previously in the study of muonium confinement [32].

The low-energy muon beam line will feature two electrostatic elements that are already

employed and tested at the LEM beam line. First, an electrostatic mirror made of two thin

wire grids that bends the muons into the vertical direction and secondly a conical lens just in

front of the helium cell to focus the beam. While at the LEM beam line a beam size of around
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Figure 7: Side view of the setup for the test of
muonium production in a thin superfluid helium
layer. (not to scale)

μ+

plastic scintillators

1 μm layer 
liquid helium

2 cm thick  
copper absorbers

thermal shields

B

100 mK stage of dilution refrigerator

electrostatic  
mirror grid

electrostatic  
conical lens

Mu

Figure 8: Side view of the setup for the test of muonium production in a thin superfluid helium
layer with a low-energy muon beam. The entrance detector will be mounted further
upstream. For more details see text.

12 mm can be expected [31], it would be below 1 mm with the muCool beam.

For such low-energy muons the entrance detector cannot be a simple plastic scintillator. In

the LEM beam line a carbon foil of a few nanometer thickness is employed for that purpose.

As the muon passes through this foil a few electrons are ejected and accelerated onto a mi-

crochannel plate providing the entrance signal. For the muCool beam line we would employ a

similar system.

The detector setup around the helium cell will be the same as in the previous section to

determine the muonium yield and the properties of the emerging muonium beam.

2.3 Importance and impact

Fundamental precision measurements with muons are at the core of two long-standing puzzles

in particle physics: the anomalous g � 2 of the muon with its 3� deviation from Standard

Model predictions [33] and the proton radius puzzle [34]. In that sense, the precision mea-

surements with muonium described in Sec. 2.1 also o↵er the chance to surprise. Especially the

measurements of the gravitational interaction of muonium will be a world’s first and very com-

plimentary to the large e↵orts ongoing at CERN with antihydrogen. As with all fundamental

physics measurements that explore previously untested areas the impact of a discovery that

11

Figure 8: Side view of the setup for the test
of muonium production in a thin superfluid
helium layer with a low-energy muon beam.
The entrance detector will be mounted fur-
ther upstream.

the fringe field of the magnetic element at the liquid helium layer in order not to interfere with
muonium production.

Once bent into the vertical direction the muon beam will penetrate through several thin windows
in the thermal shields and the helium chamber and impinge on the superfluid helium layer. A
helium layer thickness of around 100 mm is needed to stop the beam initially at 10 MeV/c. As in
the previous measurements several scintillators surround the helium chamber to study the muonium
formation process by detecting the decay asymmetry as a function of time.

In addition to the scintillators we will mount 2 cm thick copper absorbers around the helium
chamber. They will block the decay positrons originating in the helium from reaching the scintilla-
tors mounted above the absorbers. In that way we will gain sensitivity to muonium atoms di↵using
into vacuum and being ejected with the characteristic velocity of 6.3 mm/ms. This “positron
shielding technique” was used also previously for the measurement of the vacuum muonium yield
of mesoporous silicon oxide [24] and is routinely used in the muCool experiment to monitor the
drift of the muons (see Fig. 6). From a comparison of the measured time evolution of the count
rate in the upper and lower detectors with simulations we will be able to determine the yield of
muonium atoms into vacuum and their velocity.

The positron shielding technique has very limited acceptance and provides limited information
about the beam, so we will also use a scintillating fiber tracker to measure the direction of the
positrons from the muonium decay in the vacuum above the film. This tracker, described in more
detail below, will be a prototype of the muonium positron detector for the gravity experiment.
It will have a much larger acceptance than the shielded scintillators, so the tracker will allow for
a much more detailed characterization of the muonium beam for a given amount of beam. For
example, with su�cient statistics the tracker will be able to see the edges of the muonium beam to
measure the beam’s divergence. A comparison between the tracker and the shielded scintillators will
help validate the performance of the tracker. The development of the muonium positron detector
for the gravity experiment is one of the activities funded by this proposal, and this beam test
provides the earliest opportunity to evaluate a prototype with muonium. The work will be done in
collaboration with Angela Papa from the muon group at PSI, who has extensive experience with

~ ~~ ~

(R&D 
concept
sketches)

Thin-film:

Thick-film:

≈ few cm  
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The Context: 
World Low-Energy µ Beams

• Used for fundamental physics, 
µSR (MatSci, chemistry),  
µCF R&D…

• Oversubscribed, until now 
none in U.S.

• PSI:  current world leader
- x10 upgrade (“HIMB”) in the 

works

• PIP-II could surpass HIMB (by 
~ x102 ?)

• Is FNAL 400 MeV Linac 
potentially competitive with 
PSI???

- at minimum, invaluable  
R&D opportunity

20

Table 1: Comparison of Surface Muon Facilities and Mu2e

Facility Max. (surface) µ rate (Hz) Type Comments
PSI [14] 9⇥ 108 CW
TRIUMF [15] 2⇥ 106 CW
MuSIC at Osaka [16] 108 CW
J-PARC [17] 6⇥ 107 pulsed
ISIS [17] 6⇥ 105 pulsed
HIMB at PSI [13] 1010 CW (design goal)
Mu2e at Fermilab 1011 pulsed Not surface muons: pµ ⇡ 40MeV/c
Mu2e with PIP-II 1012 pulsed Not surface muons: pµ ⇡ 40MeV/c

be approximately an order of magnitude more intense than that at HIMB, and the PIP-II Fermilab
upgrade will increase Mu2e’s intensity by a further order of magnitude.

The intense Fermilab muon beam naturally raises the question whether other world-leading
muon experiments could also be hosted there. Various approaches could be considered, including
using the exit muon beam from Mu2e (which would be unpolarized) or using a beam window as
a surface-muon production target. For example, the Mu2e proton beamline will have two vacuum
windows [18], typically 3 mil Ti, or 2.8⇥10�4 nuclear interaction lengths thick. While ⇠ 1020 8GeV
protons will traverse them per year, the production rate of surface muons in such thin windows is
many orders of magnitude too low to be competitive. Since the thickness of beamline windows is
constrained primarily by beam multiple Coulomb scattering, if such a window were made of LiH it
could be 90 mils thick and might produce ⇠ 107 surface muons/s. With some optimization it may
be possible to increase this rate, and with PIP-II it will increase by an order of magnitude.

As indicated in Table 1, the muon beam exiting Mu2e will be substantially more intense than
the above, but it may lack some desired features; for example, having passed through the Mu2e
apparatus it will likely be less well localized and collimated. Since normal Mu2e operation requires
µ�, the polarity could be flipped to capture µ+ only during periods when Mu2e is not operating.
The Mu2e duty factor (230 ns of 8GeV proton beam every 1.7µs [18]) is suboptimal for applications
that call for a di↵erent pulse structure or a DC beam. More time-structure flexibility will be possible
with the PIP-II CW superconducting 800MeV proton linac, which could also serve multiple ⇡ ! µ
production targets and beamlines. The design of a target for an 800MeV beam of 100 kW or higher
power is an unsolved problem that is under investigation [19].

For muonium experiments, a novel and promising approach has been proposed: stopping slow
muons in superfluid helium [20, 21]. This could yield an intense, monoenergetic, collimated, slow
muonium beam in vacuum that could be used as is [9], or ionized to serve muon experiments [22].

3 R&D

To enhance progress on beam design in the interim period before a new facility can be built, an
R&D platform would be extremely useful and, for some applications (e.g., muonium production
in SFHe), even crucial. This could be provided by adding muon-beam capability to the “MuCool
Test Area” (MTA) at Fermilab [23], or (at lower intensity) using the Fermilab Test Beam Facility
(FTBF). Other options may also be available.

4 Conclusion

We propose to study the options for providing competitive surface-muon or comparable low-energy
muon beams at Fermilab in the Mu2e and PIP-II “eras.” This study can inform proposals for
world-leading low-energy muon experiments at Fermilab.

2

Johnstone & 

Mazzacane talks

Switzerland
Canada
Japan
 "
UK
Switzerland

[R. H. Bernstein et al., “Letter of Interest for an Upgraded Low-
Energy Muon Facility at Fermilab,” SNOWMASS21-RF0-AF0-007]

…see below…

https://indico.fnal.gov/event/55117/contributions/244753/
https://indico.fnal.gov/event/55117/contributions/244753/
https://indico.fnal.gov/event/55117/contributions/244753/
https://indico.fnal.gov/event/55117/contributions/244753/
https://indico.fnal.gov/event/55117/contributions/244753/
https://indico.fnal.gov/event/55117/contributions/244753/
https://indico.fnal.gov/event/55117/contributions/244753/
https://indico.fnal.gov/event/55117/contributions/244753/
https://indico.fnal.gov/event/55117/contributions/244755/
https://indico.fnal.gov/event/55117/contributions/244755/
https://indico.fnal.gov/event/55117/contributions/244755/
https://indico.fnal.gov/event/55117/contributions/244755/
https://indico.fnal.gov/event/55117/contributions/244755/
https://indico.fnal.gov/event/55117/contributions/244755/
https://indico.fnal.gov/event/55117/contributions/244755/
https://indico.fnal.gov/event/55117/contributions/244755/
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Fermilab “MuCool Test Area”
• Built ~20 years ago for muon collider R&D

- served by 400 MeV H– Linac

- can be Linac major user – <10% (?) goes to Booster

• Now repurposed as Irradiation Test Area (ITA)

• Also provides low-energy π/µ beam (ARPE-E µCF expt.)

21

protons from Linac

low-energy

π/µ
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Fermilab “MuCool Test Area”
• Built ~20 years ago for muon collider R&D

- served by 400 MeV H– Linac

- can be Linac major user – <10% (?) goes to Booster

• Now repurposed as Irradiation Test Area (ITA)

• Also provides low-energy π/µ beam (ARPE-E µCF expt.)

21

protons from Linac

low-energy

π/µ

Solenoid
Quadrupoles

Solenoid
Q u a d r u p o l e s

Protonbeamline

Target holder
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Fermilab vs. PSI
• PSI: 590 MeV sector- 

focused p cyclotron

• MTA: 400 MeV H– linac

• PIP-II: 800 MeV SC H– linac

~ a wash: <15% PSI advantage

• PSI makes surface muon 
beams “parasitically”

- not to disrupt proton beam before spallation-n 
production target ⇒ thin, low-Z target (≈ 6–40 mm C)

- MTA:  can use thick, high-Z target, e.g., 3 cm W (÷ nslices)

22

MTA
PSI

PIP-II

[A. Bungau, R. Cywinski, C. Bungau, PRSTAB 16, 014701 (2013).]
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Benefits of High-Z Target
• Ta (Z = 73) target increases π + (hence µ+) yield 

by factor 2.9 over graphite

- expect similar factor for W (Z = 74) since  
π + yield ~ Z1/3

- (per Geant)  
enhances 
backward  
production, 
obviating PSI 90° 
advantage 

23
        

PRODUCTION OF CHARGED PIONS BY V30-MeV PROTONS. . . 310|

TABLE XII. Total cross sections for x+ and 7t .

Element Ratio

H
0
Be
C
Al
Tl
CU
Ag
Ta
Pb
Th

13.50+0.73
11.42+ 0.55
27.30+1.40
35.00+1.80
53.1O ~2.9O
67.00+3.60
77.30+4.30
91.60 + 5.10
101.00+5.60
104.20+ 5.80
107.90+5.90

0.03+0.01
1.12+0.06
6.49+0.37
6.64+0.41
13.17+0.90
21.20 +1.60
25.20 +2.0
35.00+3.0
51.$0+4.70
53.70+4.90
60.40 +5.50

45
10.2
4.3
5.3
4.0
3.2
3.1
2.6
2.0
1.95
1.9

strongly forward (Fig. 10). The m spectrum, Fig.
11, is also strongly forward, but shifted to lower
energies, the maximum being at 50 MeV. The +/-
ratio is 5.4, compared to the isobar-model predic-
tion. '4 The shape of the pion spectra can be ac-
counted for by a Monte Carlo calculation of an in-
ternucleon cascade process, ""in which the initial
production of a pion is via a free nucleon-nucleon

process, with experimental production spectra
used, ' ' "' and with the pion subsequently fol-
lowed through the remainder of the nucleus. Re-
scattering, energy degradation, and absorption
are taken into account. A limitation of this method
is the substantial amount of computer time re-
quired per pion traced, which is reflected in the
small number of pions traced, and the consequent
statistical fluctuations in the output. Figures 12
and 13 show some of the carbon data compared
with the Monte Carlo calculations. "

E. Heavier Elements

'Cross-section data for Al, Cu, and Pb are given
in Tables XVII-XXII. In Table XII.we list total
cross sections, namely, or =f(d-'&x/dQdE)dQdE,
and the ratios of m' to w production. [Note that
the +/- ratio drops from 45 in hydrogen to 1.9 in
thorium. ] Figure 14 shows or(m')/Z'~' vs Z.
Beyond carbon we have, to a good approximation,

0+, =24.5Z'~'

On the other hand, for m (Fig. 15), or is propor-
tional to N' ' beyond carbon:

TABLE XIII. Cross section for m+ from Be in p,bsr ~MeV ~.

Angle
(deg) 30 105

Pion energy (MeV)
155 205 255 305 358 408 486 553

15

20

30

60

75

90

105

120

135

5.23
0.86
5.14
0.88
4.94
0.83
4.96
0.83
6.20
1.00
8.04
1.29
9.59
1.51
11.12
1.76
9.67
1.54
8.21
1.30

6.57
0.60
6.54
0.62
'7.05
0.66
7.34
0.67
9.60
0.86
12.03
1.06
13.54
1.18
15.16
1.33
12.27
1.08
10.63
0.93

10.30
0.84
10.00
0.83
10.52
0.87
9.94
0.81
11.54
0.92
13.15
1.05
12.41

+ 0.98
12.27
0.97
8.70
0.69
6.70
0.53

15.66
1.32
14.68
1.25
14.54
1.23
13.77
1.16
13.75
1.15
12.66
1.06
9.83
0.82
7.53
0.63
4.69
0.39
3.41
0.28

22.80
1.87
20.52
1.70
19.67
1.62
14.57
1.20
9.29
0.77
5.96
0.49
3.08
0.25
1.72
0.15
0.88
0.08
0.54
0.04

27.97
2.17
23.61
1.84
22.11
1~ 73

11.76
0.93
5.11
0.40
2.'12
0.17
0.80
0.06
0.36
0.03
0.17
0.02
0.08
0.01

33.10
2.72
27.66
2.29
21.25
1.76
7.73
0.65
2.13
0.18
0.60
0.06
0.19
0.01
0.07
0.01
0.03
0.01

32.95
3.09
25.67
2,42
15.04
1.43
3.38
0.33
0.70
0.07
0.21
0.03
0.05
0.01

23.94
2.36
17.36
1.72
7.69
0.77
1.26
0.14
0.25
0.03
0.04
0.01

10.91
1,22
6.62
0.75
2.69
0.31
0.26
0.04
0.03
0.01

2.21
+0.29
1.28

+ 0.18
0.35
+0.06
0.03
+0.01

0.35
+ 0.06
0.12

+0.03
0.04

+0.01

150 7.65 9.15
+ 1.21 + 0.80

5.44
+ 0.43

2.-69 0.40
0.23 + 0.03

0,06
0.01

[D.R.F. Cochran et al., “Production of Charged Pions by 730-MeV 
Protons from Selected Nuclei,” Phys. Rev. D 6, 3085 (1972)]
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Comparing MTA and PSI
• Relative rate estimates:

24

PSI MTA MTA/PSI

Proton Beam Power (MW) 1.2 0.008* 0.0067

Target 40 mm C  
= 0.103 λI

30 mm W  
= 0.302 λI

2.9

σπ+ (mb) 35 101† 2.9 × 0.85
µ+ survival ≈ 0.001 1 1000

µ+→M conversion ≈ 0.5 ≈ 0.1 0.2

Net      ≈10(?)

† Using Ta as proxy for W due to lack of W data

• Further improvement possible (e.g., multiple  
target slices, optics & target optimization)

- current simulations see ≈ 10–9 surface µ/POT

- need full simulation study (in progress)
* Assumes MTA shielding allows full Linac intensity
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Comparing MTA and PSI
• Relative rate estimates:

24

PSI MTA MTA/PSI

Proton Beam Power (MW) 1.2 0.008* 0.0067

Target 40 mm C  
= 0.103 λI

30 mm W  
= 0.302 λI

2.9

σπ+ (mb) 35 101† 2.9 × 0.85
µ+ survival ≈ 0.001 1 1000

µ+→M conversion ≈ 0.5 ≈ 0.1 0.2

Net      ≈10(?)

† Using Ta as proxy for W due to lack of W data

• Further improvement possible (e.g., multiple  
target slices, optics & target optimization)

- current simulations see ≈ 10–9 surface µ/POT

- need full simulation study (in progress)
* Assumes MTA shielding allows full Linac intensity

≈ x200 SFHe 
thick-film 
advantage – 
needs R&D to 
confirm
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PIP-II Potential
• Assume optimistic PIP-II bunch rate to new low-

energy muon (LEM) facility (yet to be designed):

25

PSI HIMB* PIP-II PIP-II/HIMB
Proton Beam Power (MW) 1.2 1.2 4 3.3

Bunch Intensity CW CW 1.9 ×108 ––
Bunch Rate CW CW 162.5 MHz ––

Bunch Rate (LEM) CW CW 81.25 MHz ––

Target 40 mm C  
= 0.103 λI

20 mm C (eff.), 
optimal slant

30 mm W  
= 0.302 λI

2.9

σπ+ (mb) 35 35 101† 2.9 × 0.85
µ+ Capture 6% 26% TBD‡ 1‡

Transmission 7% 40% TBD‡ 1‡

µ+ Rate (Hz) 5 ×108 1.3 ×1010 ≈ 3 ×1011       ≳ 20(?)

* Design values [E. Valetov, FNAL APT Seminar, 9/8/22]
‡ Assume PIP-II design comparable to HIMB† Using Ta as proxy for W due to lack of W data

(via RF-separated beams)

- additional ≈ x200 if HIMB thin-film SFHe and PIP-II thick
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PIP-II Potential
• Assume optimistic PIP-II bunch rate to new low-

energy muon (LEM) facility (yet to be designed):

25

PSI HIMB* PIP-II PIP-II/HIMB
Proton Beam Power (MW) 1.2 1.2 4 3.3

Bunch Intensity CW CW 1.9 ×108 ––
Bunch Rate CW CW 162.5 MHz ––

Bunch Rate (LEM) CW CW 81.25 MHz ––

Target 40 mm C  
= 0.103 λI

20 mm C (eff.), 
optimal slant

30 mm W  
= 0.302 λI

2.9

σπ+ (mb) 35 35 101† 2.9 × 0.85
µ+ Capture 6% 26% TBD‡ 1‡

Transmission 7% 40% TBD‡ 1‡

µ+ Rate (Hz) 5 ×108 1.3 ×1010 ≈ 3 ×1011       ≳ 20(?)

* Design values [E. Valetov, FNAL APT Seminar, 9/8/22]
‡ Assume PIP-II design comparable to HIMB† Using Ta as proxy for W due to lack of W data

(via RF-separated beams)

- additional ≈ x200 if HIMB thin-film SFHe and PIP-II thick

needs 
R&D to 
confirm
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PIP-II Muonium Potential

[after R. H. Bernstein]
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PIP-II Muonium Potential
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LAMPF
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PIP-II Muonium Potential

M → M

MACS

???

LAMPF

Experiments  
performed at FNAL

TRIUMF

[after R. H. Bernstein]
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• Determine and optimize MTA µ+ yield

• Determine and optimize conditions to maintain 
drift field in SFHe (~108 e/cm2)*

- including electron-replenishment efficiency at high 
rate and resulting dead time (if any)

• Determine conditions to maximize M production 
in thick-film SFHe (requires dilution refrigerator)

• (If above results favorable) Assemble and install M 
interferometer and measure M gravity

27

Brief R&D Goal Summary

* as done by e.g. C F Barenghi et al., “Experiments on ions trapped below the surface of superfluid 
4He,” J. Phys. C: Solid State Phys. 19 (1986) 1135; http://stacks.iop.org/0022-3719/19/i=8/a=012 

*

http://stacks.iop.org/0022-3719/19/i=8/a=012
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• Modest, ≈ few-M$ program:  beamline already installed; additional 
incremental work in MTA needs only “opportunistic” downtimes

• Concept and technical design study, dilution fridge and labor 
supported from external grants

- Lab endorsement of R&D program a prerequisite for successful 
future grant proposals

• Will submit funding proposal in Feb.

- Can potentially fund dilution fridge

• Without dilution fridge can start SFHe R&D using IIT 
equipment; BUT source of helium (on allocation) required

- We request bench space @ Fermilab with modest helium supply

• Will submit R&D beam-time request to FTBF
28

Resource Needs



Fermilab	PAC	talk	|	M	R&D/Physics	at	MTA				1/19/23D.	M.	Kaplan,	IIT /29

Conclusions
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• M→M̄ & Mu2e complementary, both are needed
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• M→M̄, M spectroscopy:  previous results >20 years 
old ⇒ good time for new efforts
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Conclusions

29

• M→M̄ & Mu2e complementary, both are needed

• M→M̄, M spectroscopy:  previous results >20 years 
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• M→M̄ & Mu2e complementary, both are needed

• M→M̄, M spectroscopy:  previous results >20 years 
old ⇒ good time for new efforts

• M gravity:  never feasible before, new technique 
should make it feasible:  SFHe M production

• 400 MeV Linac possibly competitive with PSI

• R&D needed to establish feasibility & physics reach

➡ MTA: opportunity to initiate world-leading     . 
Fermilab muonium program!

• PIP-II could enable world-leading M & LE µ studies
cost-effective

^

... while 400 MeV Linac still operational

Would also enable  µSR at MTA
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Examples of models 
possibly favoring M→M̄
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(Received 13 July 1998)
A new upper limit for the probability of spontaneous muonium to antimuonium conversion was

established at PMM # 8.3 3 10211 (90% C.L.) in 0.1 T magnetic field, which implies consequences for
speculative extensions to the standard model. Coupling parameters in R-parity-violating supersymmetry
and the mass of a flavor diagonal bileptonic gauge boson can be significantly restricted. A Z8 model
with radiative mass generation through heavy lepton seed and the minimal version of 331 models are
disfavored. [S0031-9007(98)08068-5]

PACS numbers: 11.30.Fs, 11.30.Hv, 13.10.+q, 36.10.Dr

At present, all confirmed experimental experience is in
agreement with conserved lepton numbers. Several solely
empirical laws appear to hold simultaneously. including
multiplicative and additive schemes [1]. No associated
symmetry has yet been identified, thus leaving lepton
numbers in a unique status in physics, since flavor mixing
in the quark sector is well established and described by
the Cabibbo-Kobayashi-Maskawa matrix. The standard
model in particle physics assumes additive lepton family
number conservation, and any observed violation would
be a clear indication of new physics. In many speculative
theories, which extend the standard model in order to
explain some of its features such as parity violation in
the weak interactions or CP violation, lepton flavors are
not conserved. These theories have motivated a variety
of dedicated sensitive searches for rare decay modes of
muons and kaons [2] and for neutrino oscillations.
Of particular interest is the muonium atom sM ≠

m1e2d which consists of two leptons from different
generations. As the electromagnetic part of the binding is
well described by electroweak standard theory it renders
the possibility of a search for additional, yet unrevealed
electron-muon interactions. A spontaneous conversion of
muonium into antimuonium sM ≠ m2e1d would violate
the additive lepton family number conservation by two
units; however, it is allowed by a multiplicative law. This
process could play a decisive role in many speculative
models (Fig. 1) [3–9].
The measurements reported here were performed with

the muonium-antimuonium conversion spectrometer
(MACS) whose design is based on the observation of
M atoms in vacuo. In matter the possible conversion is
strongly suppressed mainly due to the loss of symmetry
between M and M due to the possibility of m2 transfer

in collisions involving M [10,11]. The required signature
of a conversion process is the coincident identification of
both the electron and positron released in the decay of the
antiatom [12,13]. An energetic electron se2d arises from
the decay m2 ! e2 1 nm 1 ne with a characteristic
Michel energy distribution extending to 53 MeV [14], and
a positron se1d appears with an average kinetic energy of
13.5 eV corresponding to its momentum distribution in
the atomic 1s state of M [15].
The setup has a large acceptance for these charged

final state particles (Fig. 2). Its symmetry for detecting M
and M decays through reversing all electric and magnetic
fields is exploited in regular measurements of the M atom
production yield which is required for normalization and,
in addition, for monitoring detector performance. As a
particular advantage, systematic uncertainties arising from
corrections for efficiencies and acceptances of various
detector components cancel out.

FIG. 1. Muonium-antimuonium conversion in theories beyond
the standard model. The interaction could be mediated, e.g., by
(a) doubly charged Higgs boson D11 [3,4], (b) heavy Majorana
neutrinos [3], (c) a neutral scalar FN [5], e.g., a supersymmetric
t-sneutrino ñt [6,7], or (d) a bileptonic flavor diagonal gauge
boson X11 [8,9].

0031-9007y99y82(1)y49(4)$15.00 © 1998 The American Physical Society 49
[L. Willmann et al., “New Bounds from a Search for Muonium to Antimuonium Conversion,” PRL 82 (1999) 49]
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• What if matter and antimatter repel gravitationally?

→universe with separated matter and antimatter regions 
(& makes gravitational dipoles possible)

BAU is local, not global ⇒ no need  
for new sources of CPV

- repulsion changes expansion rate of universe

possible explanation for apparent  
acceleration – without dark energy

all regions of universe causally  
connected & older than oldest stars

- virtual gravitational dipoles modify gravity at long distances

possible explanation for rotation  
curves – without dark matter

32

[A. Benoit-Lévy and G. Chardin, “Introducing the Dirac-
Milne universe,” Astron. & Astrophys. 537 (2012) A78]

[D. Hajdukovic, “Quantum vacuum and virtual 
gravitational dipoles: the solution to the dark energy 
problem?,” Astrophys. Space Sci. 339 (2012) 1]

[A. Benoit-Lévy and G. Chardin, ibid.]

“Antigravity”

[L. Blanchet, “Gravitational polarization and the 
phenomenology of MOND,” Class. Quant. Grav. 24, 
3529 (2007);
L. Blanchet and A.L. Tiec, “Model of dark matter and 
dark energy based on gravitational polarization,” PRD 
78, 024031 (2008)]
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Radiation Testing for PIP-II Beam Instrumentation
Understanding response and survival of various beam instrumentation 
components in a radiation environment is a challenge for PIP-II. The 
radiation test area at the end of Fermilab linac is an ideal location to 
study radiation effect.
• Linac beam energy of 400 MeV is similar to PIP-II linac

Potential areas of study include:
• Testing of PIP-II neutron detectors
• Testing electronics for radiation damage
• Interest from vendors to test radiation hardened electronics
• Testing of radiation damage to optical components needed for PIP-II 

laser wire profile monitor

(from Beam Instrumentation Group):  
Lab interest in MTA W target

33
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Thick-Film SFHe Method

Stop µ+ in bulk 
SFHe

Drift to surface 
with E field before 

forming Mu
Form Mu with 

surface e-

Figure after D. Taqqu / Physics Procedia 17 (2011) 216-223
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Making Cold μ+ from M

35

-2 -1 0 1 2

-1

0

1

2

3

2.×10-6 4.×10-6 6.×10-6 8.×10-6 0.00001
Seconds

1×1013

2×1013

3×1013

4×1013

5×1013
Muonium density at center of focal line

• Putting 2D parabolic mirror above SFHe 
concentrates M beam along a line 


• Laser-ionize M to produce 0.5Κ μ+


• Engineering challenge:  extract cold μ+ 
from cryostat

• Simulation at right shows intensity vs 
time following incident µ+ pulse


• Mirror increases M density ≈ 5X (dep. 
on beam size & concentrator height)
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Could PSI Adopt Thick-Film 
SFHe Approach?

• Yes, but they’re committed to muCool beam for 
multiple cold-muon applications

• And in practice, difficult and time-consuming switch

- we proposed it to them, deemed impractical because: 

° their group too small to pursue multiple approaches in ||

° muCool → very different apparatus optimization:  much 
lower energy & thinner, smaller-diameter cryostat 
windows 

⇒ would need additional dilution fridge to pursue both
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Figure 1: Principle of muonium
interferometer, shown in eleva-
tion view (phase di↵erence�� =
⇡ shown for illustrative pur-
poses); Mu-decay detectors (bar-
rel SciFi positron tracker and
electron MCP) shown at right.

While most physicists expect that the equivalence principle applies equally to antimatter and to
matter, theories in which this symmetry is maximally violated, e↵ectively giving antimatter negative
gravitational mass, are attracting increasing interest [18–27] as potentially providing alternatives
to cosmic inflation, CP violation, dark matter, and dark energy in explaining the great mysteries
of physics and cosmology. While perhaps a priori unlikely, an antimatter gravity experiment
could show that our universe is described by “Dirac–Milne” [24, 28] or lattice [27] cosmology,
containing equal parts matter and antimatter that repel each other gravitationally. This would
explain the mystery of the missing antimatter without the need for additional CP violation. With
a net gravitational mass of zero, the universe would be flat and expanding linearly, which fits
the Type Ia supernova data with no need of dark energy [27–29]. The slower initial expansion
allows the visible universe to be in thermal contact, resolving the horizon problem with no need for
inflation [27,28], and the age problem with no need for dark energy [28]. Having both positive and
negative gravitational mass results in gravitational vacuum polarization [22, 30], which provides a
mechanism for Modified Newtonian Dynamics (MOND) [31, 32], and fits galactic rotation curves
with no need of dark matter. In addition, oppositely signed gravitational masses for matter and
antimatter would cancel virtual particle-antiparticle-pair contributions to gravitational mass, thus
evading the indirect limits on antimatter gravity even for H.1 That a single measurement might
explain multiple mysteries, with no need to introduce the new physics of non-standard model CP
violation, cosmic inflation, dark energy, and dark matter, amply motivates MAGE.

Recent work [34–36] on a possible standard model extension emphasizes the importance of
2nd-generation gravitational measurements. Should an anomaly be observed in the gravitational
measurement of Mu or H, sorting out its nature will require results of the other measurement; and it
is theoretically possible for one measurement to yield the expected result while the other discovers
new physics. Given the short lifetimes of 2nd- and 3rd-generation particles, Mu may provide the
only experimentally accessible direct measurement of gravity beyond the first generation.
Results from Prior NSF Support: The Kaplan group’s e↵orts on the Muon Ionization Cooling
Experiment (MICE) at Rutherford Appleton Laboratory (U.K.) were supported by PHY-1314008,
Collaborative Research: Muon Ionization Cooling Experiment (2013–14), $52,000. Intellectual

Merit: The goal of MICE is to demonstrate the feasibility and characterize the performance
of muon ionization cooling—a key enabling technology for future neutrino factories and muon
colliders. We worked on detector construction and calibration, experiment operations, development
of controls and monitoring system, simulation and reconstruction software. Data-taking has ended,
analysis continues, several papers are published and more are in preparation. Broader Impacts:

Three graduate and, unusually for accelerator R&D, seven undergraduate students (including one
minority) of whom three went on to graduate work in physics, took part in the research. MICE
has 6 published journal articles [37–42], with 4 currently in preparation [43–46] and more planned,
plus many IIT-authored proceedings, colloquia, and seminars.

1
We already have evidence that virtual particles do not contribute to gravity, for if they did the cosmological

constant would be 120 orders of magnitude larger than observed [33].

2

• Important feasibility questions:

1. Can sufficiently precise diffraction gratings be fabricated?

2. Can interferometer and detector be aligned to a few pm 
and stabilized against vibration?

3. Can interferometer and detector be operated at cryogenic 
temperature?

4. How determine zero-degree line?

5. Does Taqqu’s scheme work?

37

Muonium Gravity Experiment



Fermilab	PAC	talk	|	M	R&D/Physics	at	MTA				1/19/23D.	M.	Kaplan,	IIT /2938

Answering the Questions:

a) b)

Figure 2:
a) CAD drawing of
muonium interferometer concept;
b) Section A-A. In blue-gray is grating support structure:
a U-channel machined out of a single-crystal silicon block. Each grating is mounted in a silicon frame
connected to an outer frame by flex-hinges; piezo-actuator pair permits small rotations to align the gratings
precisely in parallel, as well as scanning of grating 3. Grating frames have mirrors or corner-cube retroflectors
at top corners that form part of the laser distance gauges (TFGs) used to measure their position.

Background: Principle of MAGE

Figure 1 depicts the principle of MAGE, an application of well-established atom interferometry [47].
A horizontal muonium beam is directed into a three-grating interferometer in a Mach–Zehnder-like
arrangement [48].2 The first two gratings create an interference pattern that has the same period
as the gratings. The phase of the pattern is determined by measuring the transmission through a
third grating, of identical period, as that grating is scanned vertically. Gravity causes a phase shift
proportional to the deflection of an individual Mu atom. In such an interferometer, the 0th and
±1st di↵raction orders from grating 1, di↵racted again by grating 2, are recombined, and interfere
at grating 3. With ⇡ 50%-open gratings,3 even orders (except zero) are suppressed, and most of the
transmitted intensity is in the three di↵raction orders shown. Since each atom’s de Broglie wave
interferes with itself, and the interference patterns from all atoms are in phase, this configuration
accommodates an extended, incoherent source, easing alignment and beam requirements [48]. We
have modeled the performance of such an interferometer using the procedure of Refs. [49, 50] and
find an expected contrast of 20% at maximum sensitivity for our case of overlapping beams.

Measuring the phase shift requires extreme precision due to the very small deflection the Mu
atoms experience in a few muon lifetimes. This precision will be aided via a support structure
machined from single-crystal silicon (Fig. 2a), a technique common in X-ray interferometry, and
particularly e↵ective at cryogenic temperatures, where silicon has an extremely small coe�cient of
thermal expansion [51]. The gratings will be mounted in frames moved by piezoelectric actuators for
alignment and scanning (Fig. 2b). The grating positions will be monitored by semiconductor-laser
tracking frequency gauges (TFGs), developed at CfA by J.D. Phillips and R.D. Reasenberg [52],
which are capable of sub-picometer accuracy. With the two TFGs at IIT, we have already demon-
strated su�cient (1 pm) resolution for MAGE [53]. The alignment of the interferometer will be
monitored using X-rays of wavelength similar to that of the muonium, as shown in Fig. 3a.

The muonium detector will employ a scintillating-fiber (SciFi) tracker to detect the decay
positron. The electron remaining after the decay of the muon will be accelerated and detected
with a microchannel plate. We will identify muonium transmitted through the third grating by
accelerating electrons only in the region beyond that grating. A simulated event is shown in Fig. 3b.

Interferometer dimensions will be chosen to minimize the combined statistical and systematic

2
We will not have the separated beams typical of Mach–Zehnder interferometers. We note that this geometry is

often referred to as a Talbot interferometer by the X-ray optics community.
3
With overlapped interferometer beams as in our case, the optimal open fractions in the three gratings have been

shown to be (0.60, 0.43, 0.37) [49], which can be fabricated in our proposed approach.

3

TFG precision (pm)  
vs. averaging timeSingle-xtal Si 

optical bench

From Kaplan, D.M.; Roberts, T.J.; Phillips, J.D.; Reasenberg, 
R.D. Improved performance of semiconductor laser  

tracking frequency gauge. J. Instrum. 2018, 13, P03008.  

1.

1. Can sufficiently precise diffraction gratings be fabricated?

- our collaborator, Derrick Mancini (a founder of ANL Center for 
Nanoscale Materials, CNM), thinks so; CNM boasts sub-nm 
precision – simulation study in progress

2. Can interferometer be aligned, and stabilized against vibration, to 
several pm?

- needs R&D, but LIGO & TFG do much better than we need

- our NASA space-telescope TFG R&D ⇒ sufficient performance
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Answering the Questions:
1. Can sufficiently precise diffraction gratings be fabricated?

- our collaborator, Derrick Mancini (a founder of ANL Center for 
Nanoscale Materials, CNM), thinks so; CNM boasts sub-nm 
precision – simulation study in progress

2. Can interferometer be aligned, and stabilized against vibration, to 
several pm?

- needs R&D, but LIGO & TFG do much better than we need

- our NASA space-telescope TFG R&D ⇒ sufficient performance

3. Can interferometer and detector be operated at cryogenic 
temperature?

- needs R&D; at least piezos OK; material properties favorable

4. How determine zero-degree phase?

- use cotemporal soft X-ray beam

5. Does Taqqu’s scheme work?

- needs R&D; we’re working on it with PSI & ETHZ


