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Particles & Facilities
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ETHZ 
Positrons

PSI 
Muons 
Ultracold neutrons

CERN  
Antiprotons

Antimatter Experiment: Gravity, Interferometry, 
Spectroscopy (AEgIS) at CERN

• Main physics goal: g measurement with 1% accuracy on anti-hydrogen at the AD@CERN
• Test of weak equivalence principle (WEP) on anti-matter in Earth’s gravitational field
• First direct measurement of g on anti-matter

Method:1. Antihydrogen formation at 100 mK
2. Stark acceleration of Rydberg anti-hydrogen
3. Gravitational deflection: moiré deflectometer + position sensitive detector 
(Bern group)

ref.: S. Aghion et al., Nucl. Instr. & Meth.B 362 (2015) 86
      G. Testera et al., Hyp. Interaction 233 (2015) 13
      C. Pistillo et al., Hyp. Interaction 233 (2015) 29
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PSI Proton Accelerator HIPA
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Cockroft-Walton

Injector cyclotron
590 MeV cyclotron  
2.4 mA, 1.4 MW 
50 MHz

Spallation source SINQ

Proton therapy

Spallation source for  
ultracold neutrons 
nEDM experiment

Muon target stations TgM & TgE 
7 beamlines for particle  
physics and material science
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PSI UCN & Muon Production

Strongest UCN & muon sources world-wide!
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The UltraCold Neutron (UCN) source at PSI

41ref: B. Blau et al., NIM A 807 (2016) 30
          H. Becker et al., NIM A 777 (2015) 20

UCN guides towards 
experimental  areas

Full proton beam:
1.3 MW, 590 MeV, 2.2 mA, 
pulses up to 8 s on target

Spallation target (Pb/Zr)
8 n/incident proton Heavy water moderator

(thermal neutrons)

Solid D2 converter
(ultra-cold neutrons)

UCN storage vessel

Meson Production 
 Target 

Muon Rate: 
4.6E8 P+/sec 
@ p=29.8 MeV/c 

T.Prokscha et al NIM-A (2008) 

Muon Transport Channel PE4 target, d=40mm 

solenoids 

quadrupoles 

TARGET CONE 
Mean diameter:      450 mm 
Graphite density:    1.8 g/cm3 

Operating Temp.:   1700 K 
Irrad. damage rate:  0.1 dpa/Ah 
Rotation Speed:      1 Turn/s 
Target thickness:    40 mm 
                                 7 g/cm2 

Beam loss:              12  % 
Power deposit.:    20 kW/mA 

M.Seidel, J-PARC, Oct 2015 

protons

UCN spallation source

Rotating muon production target
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CERN Antiproton Decelerator
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Only place world-wide for 
low-energy antiprotons 
suitable for precision 
experiments
From 2017: AD + ELENA  
→ decelerate antiprotons 
from 5.3 MeV to 100 keV
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ETHZ Positrons

Two 10 mCu 22Na sources 

Positrons cooled and captured
Continuous and pulsed beam

Two positron beams for 
experiments

7
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HiMB Project
Development of high-intensity beam by modification of existing target (TgM) and 
beam lines → goal of 1010 surface-μ+/s

New Target M Station (TgM*) with 20 mm thick graphite slab at 5˚

Split capture solenoid channel close to target
One side: particle physics (high-intensity)
Other side: materials science  
(high-intensity, high-polarization)

Normal conducting solenoids
Front-end: radiation hard
Copy of existing μE4 solenoids

First (simple) beam optics shows that  
O(1010) μ+/s can be transported  
(so far:  μE4: 5 x 108 μ+/s, πE5: 1 x 108 μ+/s)

8

Solenoid Beamline in Experimental Hall
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HiMB Beam Line
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Source1.2 x 1011 μ+/s 1.3 x 1011 μ+/sTgE TgM*

Capture7.2 x 109 μ+/s  
C ~ 6%

3.4 x 1010 μ+/s  
C ~ 26%

Transmission
5 x 108 μ+/s  
T ~ 7%
Total ~ 0.4%

1.3 x 1010 μ+/s 
T ~ 40%
Total ~ 10%

Existing μE4  
beam line

Proposed  
solenoid  
beam lineGain due  to high capture and 

transmission efficiency
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muCool Project
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Muon swarm compression inside a helium gas target 
employing position-dependent muon drift velocity 
followed by extraction into vacuum.

D. Taqqu, Phys. Rev. Lett. 97, 194801 (2006)

Transverse compression
Longitudinal compression

Secondary μ+ beam
D ≈ 10 mm
E ≈ 4 MeV
continuous
polarized

Tertiary μ+ beam
D < 1 mm
E < 1 eV
pulsed, tagged
polarized

5 mbar He gas

μ = eτ/m: mobility
τ = τ(p,T): time between collisions
ω = eB/m: cyclotron frequency

~vD = µE
1+!2ø2

£
Ê +!øÊ £ B̂ +!2ø2(Ê · B̂)B̂

§
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Ê +!øÊ £ B̂

§
(2)

~vD = µE
1+!2ø2

£
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§
(3)

1

Development of high-
brightness ultralow-
energy beam by stopping 
and compression of 
surface muon beam
Reduction of phase 
space by factor 1010
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muCool Results

Longitudinal compression 
demonstrated experimentally

11

Transverse compression demonstrated 
experimentally
Next steps: Combined transverse/
longitudinal compression, extraction into 
vacuum

Bao et al., Phys. Rev. Lett. 112, 224801 (2014)

Andreas Knecht CENPA Monday Meeting, 4/18 2016

Longitudinal Compression

18
muCoolAndreas Eggenberger (ETH Zurich) PSI BVR 2016 - Feb 9, 2015

Longitudinal CompressionLongitudinal Compression
12

๏ πE1 beam line @ 9.1 MeV/c 
๏ ~11 kHz on entrance detector  
๏ µ+ cross entrance detector 

๏ few % µ+ stop in He gas target 
๏ Apply electric potential 
๏ Detect decay e+ at time t
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HVProof-of-principle successful: 
Transverse and Longitudinal Compression Results

13
ref.: Y. Bao et al., PRL 112, 224801 (2014)

Negative voltage =
compression

Positive voltage =
de-compression

No voltage = 
no compression

•5 mbar He gas at cryogenic temperatures with a density gradient inside 5 T solenoid 

Transverse compression

Longitudinal compression

Proof-of-principle successful: 
Transverse and Longitudinal Compression Results

13
ref.: Y. Bao et al., PRL 112, 224801 (2014)

Negative voltage =
compression

Positive voltage =
de-compression

No voltage = 
no compression

•5 mbar He gas at cryogenic temperatures with a density gradient inside 5 T solenoid 

Transverse compression

Longitudinal compression
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muCool Beam Applications

Experiments needing a high-brightness muon beam:

Production of high-brightness muonium beam
Measurement of gravitational interaction of muonium
Measurement of 1s - 2s energy interval in muonium

Muon g-2, muon EDM

Surface material science (μSR technique)

12
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Spectroscopy of Muonic Atoms

Atomic physics techniques for particle/nuclear 
physics questions
Measurement of proton radius using muonic 
hydrogen. Strong enhancement w.r.t. ordinary 
hydrogen: (mμ/me)3

Proton radius very discrepant from measurements 
with electrons!

13

The proton radius puzzle

Measure the 2S − 2P splitting in µp
↓

determine the proton rms radius rp
(10× better )

But large discrepancy observed:
• 4σ from H spectroscopy value
• 7σ from e-proton scattering value

A. Antognini, Physics of exotic atoms, Proton radius puzzle, ETH 26.04.2013 – p. 2

atoms formed. The measurement times varied between 3 and 13 h per
laser wavelength. The 75-ns-long laser time window, in which the
laser induced Ka events are expected, is indicated in Fig. 4. We have
recorded a rate of 7 events per hour in the laser time window when on
resonance. The background of about 1 event per hour originates
mainly from falsely identified muon-decay electrons and effects
related to delayed muon transfer to target walls.

Figure 5 shows the measured 2S–2P resonance curve. It is obtained
by plotting the number of Ka events recorded in the laser time window,
normalized to the number of events in the prompt peak, as a function of
the laser frequency. In total, we have measured 550 events in the res-
onance, where we expect 155 background events. The fit to the data is a
Lorentzian resonance line on top of a flat background. All four para-
meters (Lorentzian amplitude, position and width, as well as back-
ground amplitude) were varied freely. A maximum likelihood fit
using CERN’s ROOT analysis tool accounted for the statistics at each
laser wavelength. Our statistical uncertainties are the 1s confidence
intervals.

We obtain a centroid position of 49,881.88(70) GHz, and a width of
18.0(2.2) GHz, where the given uncertainties are the 1 s.d. statistical
uncertainties. The width compares well with the value of 20(1) GHz
expected from the laser bandwidth and Doppler- and power-broad-
ening of the natural line width of 18.6 GHz. The resulting background
amplitude agrees with the one obtained by a fit to data recorded
without laser (not shown). We obtain a value of x2 5 28.1 for 28
degrees of freedom (d.f.). A fit of a flat line, assuming no resonance,
gives x2 5 283 for 31 d.f., making this resonance line 16s significant.

The systematic uncertainty of our measurement is 300 MHz. It
originates exclusively from our laser wavelength calibration proced-
ure. We have calibrated our line position in 21 measurements of 5
different water vapour absorption lines in the range l 5 5.49–6.01mm.
The positions of these water lines are known28 to an absolute precision
of 1 MHz and are tabulated in the HITRAN database29. The measured
relative spacing between the 5 lines agrees with the published ones. One
such measurement of a water vapour absorption line is shown in Fig. 5.
Our quoted uncertainty of 300 MHz comes from pulse to pulse fluc-
tuations and a broadening effect occurring in the Raman process. The
FSR of the reference Fabry–Perot cavity does not contribute, as the FSR
is known better than 3 kHz and the whole scanned range is within 70
FSR of the water line. Other systematic corrections we have considered
are Zeeman shift in the 5 T field (,30 MHz), a.c. and d.c. Stark shifts
(,1 MHz), Doppler shift (,1 MHz) and pressure shift (,2 MHz).
Molecular effects do not influence our resonance position because
the formed muonic molecules ppm1 are known to de-excite quickly30

and do not contribute to our observed signal. Also, the width of our
resonance line agrees with the expected width, whereas molecular lines
would be wider.

The centroid position of the 2SF~1
1=2 {2PF~2

3=2 transition is
49,881.88(76) GHz, where the uncertainty is the quadratic sum of
the statistical (0.70 GHz) and the systematic (0.30 GHz) uncertainties.
This frequency corresponds to an energy of DẼ 5 206.2949(32) meV.
From equation (1), we deduce an r.m.s. proton charge radius of
rp 5 0.84184(36)(56) fm, where the first and second uncertainties ori-
ginate respectively from the experimental uncertainty of 0.76 GHz and
the uncertainty in the first term in equation (1). Theory, and here
mainly the proton polarizability term, gives the dominant contri-
bution to our total relative uncertainty of 8 3 1024. Our experimental
precision would suffice to deduce rp to 4 3 1024.

This new value of the proton radius rp 5 0.84184(67) fm is 10 times
more precise, but 5.0s smaller, than the previous world average3,
which is mainly inferred from H spectroscopy. It is 26 times more
accurate, but 3.1s smaller, than the accepted hydrogen-independent
value extracted from electron–proton scattering1,2. The origin of this
large discrepancy is not known.

If we assume some QED contributions in mp (equation (1)) were
wrong or missing, an additional term as large as 0.31 meV would be
required to match our measurement with the CODATA value of rp.
We note that 0.31 meV is 64 times the claimed uncertainty of equation
(1).

The CODATA determination of rp can be seen in a simplified picture
as adjusting the input parameters rp and R‘ (the Rydberg constant) to
match the QED calculations8 to the measured transition frequencies4–7

in H: 1S–2S on the one hand, and 2S{n‘ n‘~2P,4,6,8S=D,12Dð Þ on
the other.

The 1S–2S transition in H has been measured3–5 to 34 Hz, that is,
1.4 3 10214 relative accuracy. Only an error of about 1,700 times the
quoted experimental uncertainty could account for our observed dis-
crepancy. The 2S{n‘ transitions have been measured to accuracies
between 1/100 (2S–8D) (refs 6, 7) and 1/10,000 (2S1/2–2P1/2 Lamb
shift31) of the respective line widths. In principle, such an accuracy
could make these data subject to unknown systematic shifts. We note,
however, that all of the (2S{n‘) measurements (for a list, see, for
example, table XII in ref. 3) suggest a larger proton charge radius.
Finally, the origin of the discrepancy with the H data could originate
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Figure 4 | Summed X-ray time spectra. Spectra were recorded on resonance
(a) and off resonance (b). The laser light illuminates the muonic atoms in the
laser time window t g [0.887, 0.962] ms indicated in red. The ‘prompt’
X-rays are marked in blue (see text and Fig. 1). Inset, plots showing complete
data; total number of events are shown.
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Figure 5 | Resonance. Filled blue circles, number of events in the laser time
window normalized to the number of ‘prompt’ events as a function of the
laser frequency. The fit (red) is a Lorentzian on top of a flat background, and
gives a x2/d.f. of 28.1/28. The predictions for the line position using the
proton radius from CODATA3 or electron scattering1,2 are indicated (yellow
data points, top left). Our result is also shown (‘our value’). All error bars are
the 61 s.d. regions. One of the calibration measurements using water
absorption is also shown (black filled circles, green line).

NATURE | Vol 466 | 8 July 2010 LETTERS

215
Macmillan Publishers Limited. All rights reserved©2010

Spectroscopy of muonic atoms

ref.: R. Pohl at al. Nature 466 (2010) 213
       A. Antognini et al. Science 339 (2013) 417

•Strong interplay between atomic physics and particle/nuclear physics
•Three ways to measure the proton charge radius: electron proton scattering, laser spectroscopy 
of hydrogen, laser spectroscopy of muonic hydrogen (μp)
•enhanced sensitivity for μp due to strong overlap of muon wave-function with the nucleus (mμ ~ 
200 me)
•The proton radius puzzle

• μp result: rp 4% smaller (7.9 σ) and 10 times more accurate

17

rp = 0.84087 (26)exp (29)th = 0.84087 (39) fm Measure E(2S-2P) with 20 ppm accuracy
Compare with theory: 
206.0668(25)-5.2275(10)r2

Pohl et al., Nature 466, 213 (2010)  
Antognini et al., Science 339, 417 (2013)
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Landscape of Muonic Atoms
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Landscape of Muonic Atoms
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Antimatter Gravity
Test of the Weak Equivalence Principle involving antimatter
Direct tests so far only for matter systems  
(apart from one antihydrogen result: -65 g < ḡ < 110 g)
Validity for antimatter inferred from heavily debated indirect arguments

Candidates for measurements:
Antihydrogen (AEgIS, GBAR)
Positronium (spectroscopy,  
interferometry)
Muonium (spectroscopy,  
interferometry)

Potential synergies between  
different groups?

15

Nieto and Goldman, Phys. Rep. 205, 221 (1991)  
Amole et al., Nat. Comm. 4, 1785 (2013)

Antimatter Experiment: Gravity, Interferometry, 
Spectroscopy (AEgIS) at CERN

• Main physics goal: g measurement with 1% accuracy on anti-hydrogen at the AD@CERN
• Test of weak equivalence principle (WEP) on anti-matter in Earth’s gravitational field
• First direct measurement of g on anti-matter

Method:1. Antihydrogen formation at 100 mK
2. Stark acceleration of Rydberg anti-hydrogen
3. Gravitational deflection: moiré deflectometer + position sensitive detector 
(Bern group)

ref.: S. Aghion et al., Nucl. Instr. & Meth.B 362 (2015) 86
      G. Testera et al., Hyp. Interaction 233 (2015) 13
      C. Pistillo et al., Hyp. Interaction 233 (2015) 29

21
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AEgIS Experiment at CERN
Measurement of gravitational 
acceleration ḡ for antihydrogen with 
1% accuracy
Test of weak equivalence principle 
(WEP) for antimatter
First direct measurement of ḡ

16

Aghion et al., NIM B 362, 86 (2015)  
Testera et al., Hyp. Int. 233, 13 (2015)  
Pistillo et al., Hyp. Int. 233, 29 (2015)

2013 JINST 8 P08013

Figure 1. Left: sketch of the AEgIS apparatus. The H-atoms are produced in the p̄-trap in a 1 T field. Not
shown are the p̄ and e+ capture traps in the 5 T magnet at the entrance of the apparatus. Right: schematics of
the AEgIS detectors. The vertex detector is made of a thin annihilation foil followed by nuclear emulsions.
A time of flight detector (not shown) is needed to measure the velocity of the H atoms.

between the antiproton and the highly excited Rydberg state positronium (Ps*), in which the bound
positron is captured by the antiproton and an electron is released, was proposed in ref. [15]. The
H-atoms follow a Maxwell-Boltzmann distribution with an average speed of ⇠50 m/s. An electric
field is then applied to accelerate the Rydberg H-atoms to ⇠400 m/s [16]. This technique has been
demonstrated with hydrogen atoms [17].

The measurement principle is sketched in figure 1 (right). A moiré deflectometer [18] consist-
ing of two identical gratings (separated by a distance L of ⇠50 cm) and a thin foil located at the
same distance L from the second grating are used to measure the deflection of the H-beam in the
gravitational field. The vertical distribution of annihilation vertices on the foil (moiré intensity pat-
tern) will be recorded with an r.m.s. resolution of s ⇠1–2 µm. This will be achieved by employing
nuclear emulsion films to track annihilation products, as detailed in the following. The thin foil,
typically 50 µm (active) silicon or 5 µm titanium, is needed as a window to separate the vacuum
of the inner cryogenic UHV chamber from the insulating outer vacuum chamber (OVC) containing
the emulsion detector.

Due to gravity the moiré intensity pattern will be shifted when compared to the one obtained
e.g. with a light source. The vertical displacement Dx of the moiré pattern can be measured from
the time of flight T between the two gratings through the relation Dx = ḡT 2. Thus a segmented
time of flight detector (not shown in figure 1) is needed to measure the velocity of the atoms, and
to record the approximate position of the annihilation vertex for subsequent offline analysis with
only a moderate precision of about 1 mm. This can be achieved either by using as window a thin
µ-strip detector separated by a gap of a few 100 µm from the emulsion detector, or with a silicon
or scintillating fiber tracker located behind the emulsion detector, in which case the window would
consist of a ⇠5 µm titanium foil. The time of flight can be computed from the switch off time of
the electric field for Stark acceleration and the H annihilation time.

The antiproton beam will be injected into the apparatus every ⇠100 s with a shot of typically
3 ⇥ 107 p̄. The antiprotons that are not trapped are stopped in the center of the apparatus, 350 cm
upstream of the emulsions. This would give an estimated background rate of⇠30 tracks/cm2 in the
emulsions for every p̄ shot from the AD. During the 100 s between shots AEgIS expects to produce

– 3 –

Antimatter Experiment: Gravity, Interferometry, 
Spectroscopy (AEgIS) at CERN

• Main physics goal: g measurement with 1% accuracy on anti-hydrogen at the AD@CERN
• Test of weak equivalence principle (WEP) on anti-matter in Earth’s gravitational field
• First direct measurement of g on anti-matter

Method:1. Antihydrogen formation at 100 mK
2. Stark acceleration of Rydberg anti-hydrogen
3. Gravitational deflection: moiré deflectometer + position sensitive detector 
(Bern group)
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generate fringe pattern

Less detected antihydrogen atoms 
needed if vertices detected with 
micrometer resolution  
→ emulsion detectors

Bern responsible for the emulsion 
detector of the deflectometer
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Figure 15. Simulated intensity distribution of reconstructed vertices for various vertex resolutions between
1 and 15 µm.

Figure 16. Left: relative precision on g vs. number of annihilation vertices for various vertex resolutions
from 1 to 10 µm. Right: number of annihilation vertices required to reach 1% on Dg/g, vs. vertex resolution
(the curve is an eyeball fit to the points).

figure 15 the expected intensity distribution of the annihilation vertex for various spatial resolutions
and, as an example, for a particle velocity of 700 m/s. Plotted is the phase f = (2p/p)Dx, where
Dx = gT 2 and T is the time of flight.

The required number of reconstructed H annihilations on the foil in front of the emulsion de-
tector to reach the precision Dg/g is shown in figure 16 (left) for various resolutions. For resolutions
larger than the slit width the contrast decreases quickly and, accordingly, the size of the required
data sample rises rapidly (figure 16, right). For a 1% relative error on g one needs with a resolu-
tion of 2 µm a sample of ⇠600 reconstructed and time-tagged annihilations. The improvement in
resolution compared to the original proposal [1] by a factor of 5–10 means that the experiment can
be performed in a much shorter time. Alternatively, other experimental constraints can be relaxed,
such as the challenging 100 mK required to limit the transverse H momentum.

– 15 –

Aghion et al., JINST 8, P08013 (2013)  
Aghion et al., Nature Comm. 5, 4538 (2014)  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QUPLAS project

Interferometry of positrons and 
positronium using emulsion detectors

First interferometry with antimatter

Interferometer under construction
First results summer 2016
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Sala et al., J. Phys. B 48, 195002 (2015)  
Aghion et al., Nature Comm. 5, 4538 (2014)

Interferometer under construction: first results expected in summer 2016 
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The precise measurement of forces between objects
gives deep insight into the fundamental interactions and
symmetries of nature. A paradigm example is the

comparison of the motion of matter in the gravitational field,
testing with high precision that the acceleration is material-
independent, that is, the weak equivalence principle1–4. Although
indirect experimental evidence suggests that the weak equivalence
principle also holds for antimatter5–7, a direct observation for
antimatter is still missing. First attempts in this direction have
recently been reported by the ALPHA collaboration8, who used
the release of antihydrogen from a magnetic trap to exclude the
absolute value of the gravitational acceleration of antihydrogen to
be 100 times larger than for matter. An alternative approach is
followed by the GBAR collaboration9, which is based on
sympathetic cooling of positive antihydrogen ions and their
subsequent photodetachment. One of the specified goals of
the AEgIS collaboration (antihydrogen experiment: gravity,
interferometry, spectroscopy) is the direct detection of the
gravitational acceleration using an antihydrogen beam10,11

combined with a moiré deflectometer12, a device with high
sensitivity for acceleration measurements.

Here, we present the successful realization of such a device for
antiprotons. This has been achieved using slow antiprotons from
the Antiproton Decelerator (AD) at CERN, the technology of
emulsion detectors developed for recent high-energy neutrino
experiments13 and a novel referencing method employing
Talbot–Lau interferometry14,15 with light. The observation is
consistent with a force at the 500 aN level acting on the
antiprotons. This demonstration is an important prerequisite
for future studies of the gravitational acceleration of antimatter
building on an antihydrogen beam.

Results
Moiré deflectometer. The principle used in the experiment
reported here is visualized in Fig. 1a. A divergent beam of
antiprotons enters the moiré setup consisting of three equally
spaced elements: two gratings and a spatially resolving emulsion
detector. The two gratings with periodicity d define the classical
trajectories leading to a fringe pattern with the same periodicity at
the position of the detector. If the transit time of the particles
through the device is known, absolute force measurements
are possible by employing Newton’s second law of mechanics16.

As indicated in Fig. 1b, the position of the moiré pattern is shifted
in the presence of a force with respect to the geometric shadow by

Dy ¼ Fk
m

t2 ¼ at2; ð1Þ

where F|| represents the force component along the grating
period, m is the inertial mass of the test particle, a is the
acceleration and t is the time of flight between the two gratings. It
is important to note that the shift has two contributions. The
velocity of the particle after the second grating in the direction of
the acceleration is non-zero and the particle is also accelerated in
the second half of the moiré deflectometer. The relevant
parameter for precision measurements is the sensitivity, that is,
the minimal detectable acceleration amin. This can be estimated
by considering the maximal signal S to noise ratio possible in this
scenario. Since the influence of a pattern shift is most sensitively
detected at the steepest gradient of the pattern the visibility
u¼ (Smax$ Smin)/(Smaxþ Smin) should be maximized and the
periodicity minimized. The noise of the signal is intrinsically
limited for classical particle sources to the shot noise which scales
as 1/

ffiffiffiffi
N
p

, where N is the number of detected particles.
Consequently, the minimal detectable acceleration12 is given by
amin ¼ d= 2put2

ffiffiffiffi
N
p" #

. It is important to note that this device
works even for a very divergent source of particles as shown in
Fig. 1a, and thus is an ideal device for the highly divergent beam
of antihydrogen atoms that is expected in the AEgIS apparatus.

Talbot–Lau interferometry with light as absolute reference.
To determine the magnitude of the fringe pattern shift,
knowledge of the undeflected fringe position (indicated as grey
trajectories in Fig. 1b) is required. Due to the neutrality and high
speed of photons, it is favourable to measure this position inde-
pendently with light so that the action of forces is negligible.
Unlike the case of classical particles described above, geometric
paths are not applicable for visible light as diffraction at the
gratings has to be taken into account. Figure 1c depicts the cor-
responding light field pattern where the distance between the
gratings is given by the Talbot length LTalbot¼ 2d2/l. This con-
figuration is known as Talbot–Lau interferometer14, which is
based on the near-field Talbot effect15—the rephasing of the
pattern in discrete distances behind a grating illuminated with
light. The final pattern is not a classical distribution, but an
interference pattern and coincides with the pattern of the moiré

Light interference

Matter moiréa b

c

40 µm

25 mm

25 mm

Moiré Contact

Figure 1 | Moiré deflectometer for antiprotons. (a) A divergent antiproton beam impinges on two subsequent gratings that restrict the transmitted
particles to well-defined trajectories. This leads to a shadow fringe pattern as indicated in b, which is shifted in the presence of a force (blue trajectories).
Finally, the antiprotons are detected with a spatially resolving emulsion detector. To infer the force, the shifted position of the moiré pattern has to be
compared with the expected pattern without force. (c) This is achieved using light and near-field interference, the shift of which is negligible. A grating in
direct contact with the emulsion is used to reference the antimatter and the light measurements.
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GBAR Experiment at CERN

Measurement of 
gravitational 
acceleration ḡ for 
antihydrogen with 1% 
accuracy

First antiprotons from 
ELENA in summer 2017
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Measure time-of-flight after 
photo-detachment of positron
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of micromegas detector  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Gbar : g experiment using  H+ to get H atoms 

•  Produce ions H+ 

•  Capture ions H+  

•  Sympathetic cooling 20 µK 

•  Photodetachment of e+ 

•  Time of flight 

Eof H+ 

Relative Precision on g:  

H+
 in ion trap Δg/g 
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General Relativity and Gravitation, 36 (2004) 561. 
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2 

H+ 

gravity 
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H+ Formation  
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Pierre Dupré   GBAR Project 

Walz and Hänsch, General Rel. and Grav. 36, 561 (2004) 

Free-fall chamber

Micromegas prototype  
~120 μm resolution measured

Free fall detector

18/01/2016 Y. Sacquin            SPSC - GBAR 18

• Prototype built and tested in 2015 
– 3 microstrip Micromegas chamber detectors (MMD), 

8x8 cm2, with X-Y readout, built at CERN

– Using the RD51 electronic readout developed at CERN

– Tested with CR and CERN beams

– Design to be finalized for the GBAR detector

MMD resolution 
a 120 µm
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Positronium at ETHZ

Measurement of 1s-2s energy interval
Bound-state QED test at ppb level  
(no finite-size, no nuclear effects)
Gravitational interaction of Ps

Measurement of 2s HFS in positronium
Deceleration of Rydberg positronium

Measurement of quantum gravitational 
states (in analogy to neutrons)

Material science with Ps (determination 
of porosity)
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Laboratory of Positron and Positronium Physics 
at ETH Zurich

P. Crivelli, P. Comini, D.A Cooke, L. Gerchow, A. Rubbia, C. Vigo
Institute of Particle Physics, ETH Zurich, Switzerland 

Facilities: two positron beams, positron trap, lasers for positronium (Ps) excitation, multiple detectors 
(Positron Annihilation Lifetime, Doppler Broadening and Time-of-Flight Spectroscopy) 

Project supported by SNSF, ETH , Marie Curie program

Applications: Characterization of novel materials of industrial relevance [5]
(hierarchical zeolites, metal-organic Frameworks, nano-crystals, CIGS solar cells) 

Ongoing experiments:
1) Precise bound state QED test via 1S-2S measurement and 2S
hyperfine splitting [1]
2) Stark deceleration of Rydberg Ps atoms → gravitational quantum states
and effect of gravity on Ps [2], independent determination of Rydberg
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UCN at PSI: Magnetic Moments

Alternative measurements with nEDM 
apparatus

Precision measurement of ratio of neutron 
to 199Hg magnetic moment 

Performance test of nEDM apparatus
Control of systematic effects relevant to 
nEDM analysis
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Afach et al., Phys. Lett. B 739, 128 (2014)   Image courtesy of ILL

132 S. Afach et al. / Physics Letters B 739 (2014) 128–132

Table 1
Error budget for the measurement of γn/γHg.

Effect B0 ↑ B0 ↓
Counting statistics ±0.5 × 10−6 ±0.5 × 10−6

Gravitational shift 
(3.84 × δGrav)

(−8.9 ± 2.3) × 10−6 (−1.8 ± 2.7) × 10−6

Intermediate R0 3.8424580(23) 3.8424653(27)

Transverse shift 
(3.84 × δT)

(3.7 ± 0.8) × 10−6 (3.0 ± 1.2) × 10−6

Light shift 
(3.84 × δLight)

(1.3 ± 0.7) × 10−6 (0.8 ± 0.6) × 10−6

Earth rotation 
(3.84 × δEarth)

−5.3 × 10−6 +5.3 × 10−6

Corrected value 3.8424583(26) 3.8424562(30)

Combined final γn/γHg 3.8424574(30)

Table 2
Key data for each run selected for the analysis: the fitted visibility α, the ratio R , 
the average field BHg extracted from the mercury comagnetometer, the gradient gz
extracted from the Cs magnetometer array and the squared transverse field ⟨BT

2⟩
extracted from the field maps are reported.

Run # α R BHg
[nT]

gz
[pT/cm]

⟨BT
2⟩

[nT2]

B0 ↓
6015 0.41 3.842321 1031.86 −175 2.5
6016 0.48 3.842587 1031.33 130 1.8
6023 0.66 3.842435 1031.60 −23 1.1
6027-8 0.57 3.842508 1030.18 32 1.0
6030 0.55 3.842415 1030.32 −43 1.0
6031 0.38 3.842622 1029.92 185 2.6
6033 0.48 3.842357 1030.45 −120 1.7

B0 ↑
6040-1 0.54 3.842445 1027.97 9 1.7
6042 0.36 3.842325 1028.23 161 2.6
6043 0.38 3.842582 1027.70 −144 3.0
6047 0.46 3.842520 1027.82 −67 2.1
6049 0.43 3.842378 1028.14 86 1.9
6058 0.53 3.842434 1027.82 17 1.7
6059 0.42 3.842511 1026.82 −44 2.0
6060 0.55 3.842455 1028.25 5 1.7
6064 0.44 3.842392 1029.47 68 1.9

and independent measurement of the neutron gyromagnetic ratio. 
Using (2), we obtain:

γn

2π
= 29.164705(55) MHz/T [1.89 ppm], (19)

thus confirming the accepted value which, until now, was based 
on a single measurement [6].

Alternatively, we can use the results (1) and (18) to propose a 
new, more accurate value of the 199Hg atomic gyromagnetic ratio:

γHg

2π
= 7.5901152(62) MHz/T [0.82 ppm]. (20)
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UCN at PSI: Spin-Dependent Forces

Polarized UCN ideal tool to search for 
new spin-dependent forces mediated 
by axion-like particles (ALPS)

Interaction between UCN and nucleons 
of electrode

Interaction leads to pseudo-magnetic 
field and thus change in precession 
frequency
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The forces mediated by spin-0 bosons are described, along with the existing experimental limits.
The mass and couplings of the invisible axion are derived, followed by suggestions for experiments
to detect axions via the macroscopic forces they mediate. In particular, novel tests of the T-
violating axion monopole-dipole forces are proposed.

MACROSCOPIC FORCES

Very light, weakly coupled bosons are occasionally sug-
gested in the literature, for example, axions, ' familons,
majorons, arions„and spin-1 antigravitons. Such parti-
cles must couple very weakly to ordinary matter to have
eluded detection thus far. A boson with small enough
mass (say, 10 eV) would have a macroscopic Compton
wavelength (say, 2 cm) and would mediate a force on lab-
oratory scales. Even if very weakly coupled at the single-
particle level, a macroscopic body with 10 constituents
could produce a measurable, coherent light-boson field.
In the familiar case of gravity, the dimensionless coupling
between two nucleons due to graviton exchange is absurd-
ly small [(m„„,&„„/Mp] g) —10 ], but two 1-g masses
separated by 1 cm experience a measurable force of

(6X10 ) (m~/Mpi) =6.7X10 dyn .
(1 cm)

We shall be interested in the possibility of detecting
very light spin-0 bosons through the macroscopic forces
which they mediate. The possible forces are determined
by the allowed couplings; the spin-0 boson must couple to
an effectively conserved quantity. There are only two
possibilities for couplings to fundamental fermions: the
scalar vertex and the pseudoscalar vertex. The scalar and
pseudoscalar vertices can be analyzed in momentum space
using the Gordon decomposition. For pure spacelike
momentum transfer q, they become

scalar,

pseudoscalar,

qP
gpq(qW'(pf }t YS P(p )gpq'(q} 2M P(pf )t1 s1 tb(p'}

=gptp(q} [gt(pf );&g(p;)] . (2)

Here pf——p +q/2 and p; =p —q/2 are the final and ini-
tial on-shell momenta and M is the fermion mass. The
matrix X is the diagonal spin matrix. In the nonrelativis-
tic limit (small fermion velocity and momentum transfer),
the scalar coupling is spin-independent and depends only

~~
upon the fermion density g&@pe ' q '. The pseudoscalar
coupling is entirely spin-dependent, however. The virtual
boson fields of a fermion in the two cases will thus be
"monopole" and "dipole" fields (in the sense of the multi-
ple expansion).
The scalar and pseudoscalar vertices (1) and (2) can ap-

pear in one-boson-exchange graphs in three combinations;
this allows the existence of three distinct forces. The
two-fermion potential can be calculated in the inverse
Born approximation,

d q (vertex 1)(vertex 2)e'q''
(2n. ) q +w~

The results are (see Fig. 1)

(monopole),
—Nl l'—gsgse

g, tp(q)p(pf )g(p; )=gstp(q), f(pf )$(p; )

—i " "p(pf )tT~"g(p;); (1)
2M

monopole-dipole,

(dipole),

rA A02r m& 1 —m r

8mM2 r r 2

1 2 VlgI'gI' ~y 1 4~ 3 Iq 3~y 3 —m rV(r) = (&,.&„),+, + 5 (r) —(&, r")(&,.r") + +— e16mMM " r2 „3 3 r2 r3 (6)

Regardless of the assigned parity of the light, spin-0 bo-
son, the (monopole} and (dipole) forces conserve P and
T. However, the monopole-dipole force enjoys a unique
status amongst possible macroscopic interactions, because

&.r violates P and T and of course macroscopic P and T
violation has heretofore not been observed.
A few experimental upper limits exist for the strength

of anomalous (monopole) and (dipole} interactions.
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Fig. 3. Overview of current limits on the product of scalar and pseudoscalar cou-
pling constants gS gP as function of the interaction range λ of a short range spin-
dependent force at 95 % confidence level. On the top, the corresponding mass range 
of the mediating particle, i.e. axion or axion-like particle, is shown. The shaded re-
gion is excluded by different experiments. Solid line limits were obtained using cold 
or ultracold neutrons. Dashed line limits were obtained using 3He, 129Xe, or 131Xe
precession experiments. A [30]; B [31], assuming an attractive interaction; C [32]; 
D [6]; E [29]; F [26]; G [27]; and H (red in the web version) this work. The line I 
(dotted) depicts the achievable limit by a simple modification of our apparatus (see 
text).

Fig. 3 compares our limit on gS gP to results from other exper-
iments. It covers the interaction range of 1 µm < λ < 0.1 m, which 
is not yet strongly excluded by astrophysical or cosmological con-
straints.

Experiments using free neutrons are depicted by solid lines. 
Experiments with precessing atoms, such as e.g. 3He, 129Xe, or 
131Xe, are depicted by dashed lines. According to the Schmidt 
Model [25], polarized atoms of odd isotopes (with one unpaired 
nucleon) can roughly be considered as a probe for the magnetic 
properties of this unpaired nucleon, regardless of the other con-
stituents of the nucleus. Under this assumption, both types of 
experiments probe gN

S gn
P . While these approaches are complemen-

tary, the direct neutron measurements are model independent. 
The most stringent limits for λ > 10−4 m have been imposed re-
cently in [26] and [27] (curves labelled F and G in Fig. 3, respec-
tively) which improved the recent limits from [28]. For shorter 
interaction ranges, the most stringent limit was given in [29] (E), 
where relaxation of spin polarized 3He gas was investigated. This 
limit has been model independently confirmed and slightly im-
proved by the measurements presented in this work (H). Lim-
its derived from experiments with neutrons (A,B,C,D) [30–32,6]
were improved by one order of magnitude for λ < 10−5 and by 
two orders of magnitude for λ > 10−5. In [33] a stronger but 
indirect limit on gS gP was imposed by combining laboratory re-
sults with stellar energy loss arguments. Such limits might be 
reached with dedicated future laboratory searches e.g. proposed 
in [34].

Already our present result constitutes a new direct limit on 
gS gP . Replacing in our experiment the central vessel bottom and 
top with copper, a material with higher density and good UCN 
reflecting surface properties, would result in a sensitivity gain of 
∼3, corresponding to the density ratio between copper and alu-
minum. Replacing either only the bottom or top would create a 
true asymmetric potential and increase the sensitivity by one or-
der of magnitude [4]. The consequently achievable limit depicted 
by the dotted curve (I) in Fig. 3 would be an important contribu-
tion to reduce the allowed parameter spaces of beyond Standard 
Model theories.
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UCN at PSI: Neutron Lifetime

Recent major discrepancy in neutron 
lifetime measurements resolved

Currently tension between 
measurements of neutron lifetime 
through storage and in-beam methods

World-leading UCN source at PSI ideal 
place for updated measurement 
Experimental approach currently under 
investigation
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Conclusions

Privileged location with so many different probes available within small 
country

Rich physics at low-energy with experiments searching for new effects in 
various directions
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Proton Radius Experimental Setup

Low energy muons, laser system, hydrogen target & X-ray detectors
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The experimental setup

•A low energy muon beam line / laser system / target and detectors
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New Measurements with Muonic Atoms

Ground-state HFS in  
μH & μ3He
Laser spectroscopy 
experiment
Access to two-photon-
exchange contributions, 
magnetic structure and 
polarizability
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Objectives and impact
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Charge radii of high-Z, 
radioactive atoms
Gamma spectroscopy using 
HPGe detectors
Charge radius of radium needed 
for measurement of atomic parity 
violation
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Preliminary Energy Spectra

Natural lead, 
tungsten and 
rhenium measured

Free-running spectra 
without any 
background reducing 
cuts

Additional lines in 
rhenium due to low-
lying nuclear levels
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Figure 7: Muonic X-ray energy spectra for natural lead and rhenium with the most prominent
transitions labelled. No cuts have been applied and thus the spectra essentially
correspond to events as seen by the free-running 75% germanium detector. The
additional lines in rhenium are due to low-lying nuclear levels that are excited during
the cascade and lead to sizable shifts of the muonic energy levels.
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NA64 at CERN SPS
Search for dark sectors in missing 
energy or “light shining through 
the wall”
Sensitive to light dark bosons (Z’), 
dark photons (A’) or invisible 
decays of mesons

ETHZ responsible of synchrotron 
radiation tagging and micromegas 
tracker
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Figure 2: Experimental setup for the P348 experiment.

the CERN SPS H4 !− beam at an energy ∼100GeV and a

maximal beam intensity of ∼105!− for one typical SPS spill

cycle of 14.8 s including 4.8 s spill duration and maximum

four cycles per minute. The beam impurity from other

charged particles in the beam is below 10−2 and the size of

the beam at ECAL1 is of the order of a few cm2. To estimate

the exact beam energy spectrum and its low energy tail a full

beam line simulation is required at a high level of precision;

however, the fraction of electrons with energy # < #th where
#th = 10GeV is expected to be <10−6. The origin of the

low energy tail is mainly due to the interactions of the beam

with passivematerials, such as entrance windows of the beam

lines and residual gas and also due to the in-flight decay

of pions and muons in the beam line. The incoming high

energy electron beam impinges on the ECAL1 and interacts

with the material. $ "’s are produced through mixing with

bremsstrahlung photons from the electrons scattering off the

nuclei in ECAL1. A fraction (%) (10%) of the beam energy

#1 = %#0 = 10GeV, where #0 is the beam energy = 100GeV,
is deposited in the ECAL1 while the remaining 90GeV is

carried by the $ ". It goes undetected through the first veto

into the decay volume (DV) where it decays into dark matter

particles. The decay products go undetected through S1, S2,

veto1, ECAL2, veto2, and the HCAL. So there is a missing

∼90GeV energy signal for this channel in the downstream

part of ECAL1. Instead if a low energy electron, ∼10GeV,
impinges on the ECAL1 and deposits all its energy there, no

signal thereafter in the detectors downstream will mimic our

NA64 - Search for Dark Sectors in Missing Energy 
Events at the CERN SPS
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Muonium Production & Gravity

Production of muonium beam in 
superfluid helium film
Deflection measurement of horizontal 
muonium beam with three gratings

30
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high-brightness 
muonium beam

An#ma&er)Gravity)with)Muonium?D.)M.)Kaplan,)IIT)@)WAG2015 /24

! 3 

between the first and second gratings and an interferometric phase shift Φ = 2π gτ2/d ≈ 0.003 if d 
= 100 nm grating pitch is used, with ≈14% M survival and ≈10% transmission to the detector.  
The necessary gratings can be fabricated using state-of-the-art nanolithography, including 
electron beam lithography and pattern transfer into a free-standing film by reactive ion etching. 
Detection is straightforward using the coincident positron-annihilation and electron signals to 
suppress background. 12  Measuring Φ to 10% requires grating fabrication fidelity, and 
interferometer stabilization and alignment, at the few-picometer level; this is within the current 
state of the art.13  At the anticipated rate of 105 M atoms/s, and taking decays and inefficiencies 
into account, the measurement precision is 0.3g per √n

—
, where n is the exposure time in days.7 

 

Figure' 1:' ' Principle! of!Mach! Zehnder! three2grating! atom! interferometer.! ! The! de! Broglie!waves! due! to! each!
incident!atom!all!contribute!to!the!same!interference!pattern!over!a!range!of!incident!beam!angles!and!positions.!!
Each!diffraction!grating! is!a!50%!open!structure!with!a!slit!pitch!of!100!nm.! !The!assumed!grating!separation!
corresponds!to!one!muon!lifetime.!

!
!

!
Figure'2:' 'Concept!sketch!of!muonium!interferometer!setup!(many!details!omitted).! !A!≈micron2thick!layer!of!
SFHe!(possibly!with!a!small!3He!admixture)!stops!the!muon!beam!and!forms!muonium!(M)!which!exits!vertically!
and!is!reflected!into!the!horizontal!off!of!the!thin!SFHe!film!coating!the!cryostat!interior.'

 

SFHe

M detector
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(Not to scale)Incoming
surface-muon

beam

Interferometer
gratings

Incoming
slow muon
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• Some important questions:

1. Can sufficiently precise diffraction gratings be fabricated?

2. Can interferometer 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?
14

Muonium Gravity Experiment
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Studying Muonium Gravity
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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

∗klaus.kirch@psi.ch

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-

arXiv:physics/0702143v1 [physics.atom-ph]
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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
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II. CALCULATION OF THE RADIAL FIELD

As it is showed in the next section a relatively large
distance between the two SC coils is necessary in order to
reach a very high mirror ratio. Estimates showed that a usual
two-side axial pumping would not be enough to produce low
basic pressure and high pumping speed which are necessary
to get very high charge states in the plasma. Therefore an
open structure NdFeB hexapole was chosen. At the calcula-
tions the LBL AECR-U3 design was considered as a starting
point, however, all the geometrical and magnetic parameters
were optimized for the current conditions and requirements.
For the calculations the SUPERFISH/POISSON/PANDIRA group
of codes4 was used.

A relatively large internal diameter was chosen to in-
crease the plasma volume. The open structure and the large
diameter resulted in a magnetic field of about 1 T only at the
chamber walls, however, this still allows safe resonance fre-
quencies up to 20 GHz. Figures 2 and 3 show the resulted
structure and magnetic fields. The radial pumping windows

FIG. 2. Cross-sectional view of the open hexapole. i.d.!90 mm,
o.d.!240 mm, length!300 mm, Br!1.28 T, Hcj!21 kOe.

FIG. 3. The radial magnetic induction at the poles and at the gaps inside the
open hexapole.

FIG. 4. The modified arrangement of the PSI SC cyclotron trap.

FIG. 5. Axial distributions at different coils currents !20%–40%–60%–
80%". The horizontal lines represent resonance values for 6.4, 10, 14.5, and
18 GHz.

FIG. 6. The peak and minimum fields on the axes together with their !mir-
ror" ratio and with the force effects to one of the SC coils.

1117Rev. Sci. Instrum., Vol. 71, No. 2, February 2000 Ion sources

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  129.129.196.136 On: Thu, 02 Jun
2016 10:20:25

Cyclotron trap with internal 
hexapole magnet as UCN 
storage trap (previously used as  
ECR ion source)

Biri et al., Rev. Sci. Inst. 71, 1116 (2000) 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highest accuracy to check for eventual deviations from
the Standard Model which are currently under discus-
sion [3].
The observed deviation from the unitarity condi-

tion for the Cabibbo–Kobayashi–Maskawa matrix us-
ing present data is about 2.7 standard deviations. The
origin of this deviation is unclear. This situation re-
quires more precise measurements of β-asymmetry—
A0 and new measurements of the neutron lifetime.
Today, the weighed mean value of the neutron life-

time is 885.7(8) s. The accuracy of this world average
was improved by the lifetime experiment of a group
from KIAE, Russia [1]. Their result (885.4± 0.9stat±
0.4syst) has an accuracy that is at least 3 times bet-
ter than that of the other contributing experiments. So
the present world mean value of the neutron lifetime
is mainly determined by the result of only one exper-
iment, therefore the new experimental measurements
are important.

2. Experimental set-up and method of
measurement

The present measurements were carried out at the
high flux reactor at ILL in Grenoble, France using
the PF2/MAM instrument; the experimental set-up is
sketched in Fig. 1. It is a gravitational trap for ul-
tra cold neutrons (UCN) and at the same time it can
be used as a differential gravitational spectrometer.
Therefore the distinguishing feature of this experiment
is the ability to measure the UCN energy spectrum af-
ter its storage in the trap.
The UCN storage trap 8 is mounted inside a cryo-

stat vacuum vessel 9. The trap 8 has a window that
can be rotated about a horizontal axis so that UCN are
held in the trap by gravity when the trap window is in
its upper position.
UCNs enter the trap via the neutron guide 1, the

opened UCN inlet valve 2 and the distribution flap
valve 3. Filling takes place when the trap window is
in the down position. After the trap is filled it is ro-
tated into the up position.
A double walled vacuum system was used with

separate “high” 6 and “rough” 5 vacuum vessels.
The pressure in the cryostat vacuum vessel was 5 ×
10−6 mbar; at this pressure, the residual gas has a
small effect (0.4 s, see below) on storage time for the

Fig. 1. The scheme of “Gravitrap”, the gravitational UCN storage
system. 1: neutron guide from UCN Turbine; 2: UCN inlet valve;
3: beam distribution flap valve (shown in the filling position); 4: con-
nection unit; 5: “high” vacuum volume; 6: “rough” vacuum volume;
7: cooling coils; 8: UCN storage trap (the narrow cylindrical trap is
shown by a dashed line); 9: cryostat; 10: mechanics for trap rota-
tion; 11: stepping motor; 12: UCN detector; 13: detector shielding;
14: evaporator.

UCN in the trap. To cool the trap we used heat ex-
change between the trap and the cryostat tank; to do
this helium gas was flowed through the cryostat vac-
uum vessel and removed before carrying out the neu-
tron lifetime measurements.
The height of the trap window relative to the trap

bottom defines the maximum energy of UCN that can
be held in the trap. Different window heights corre-
spond to different cut-off energies for the UCN spec-
trum. Such a rotatable trap is a gravitational spectrom-
eter. The spectral dependence of the storage time can
be measured by turning the trap window downward in
steps. The trap was kept in each intermediate position
during 100–150 s to detect UCN in the corresponding
energy range. The same procedure also measures the
spectrum of the trapped UCN.
The neutron lifetime is measured with the size ex-

trapolation method using two sizes of UCN trap. The
first is a quasi-spherical trap consisting of a cylinder
about 84 cm in diameter and 26 cm wide, capped by
two truncated cones each 22 cm high, with small di-
ameters of 42 cm and the second a 76 cm diameter
cylindrical trap that was 14 cm long between its end
faces. The second trap increases the neutron collision
rate with the walls of the trap by a factor of about 2.5.

Gravitrap neutron storage apparatus NIST neutron decay experiment
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Measure E1PNC admixture in E2 
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Needs knowledge of the radium 
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factor 5
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Atomic parity nonconservation in Ra+
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We report on a theoretical analysis of the suitability of the 7s 2S1/2↔6d 2D3/2 transition in singly ionized
radium to measure parity nonconservation, in the light of an experiment planned at the KVI of the University
of Groningen. Relativistic coupled-cluster theory has been employed to perform an ab initio calculation of the
parity-nonconserving electric dipole amplitude of this transition, including single, double, and leading triple
excitations. We discuss the prospects for a sub-1% precision test of the electroweak theory of particle physics.

DOI: 10.1103/PhysRevA.78.050501 PACS number!s": 31.15.bw, 11.30.Er

In atomic systems, parity is broken due to the exchange of
the neutral vector boson Z0, which mediates the weak inter-
action between the atomic electrons and the quarks in the
nucleus. This atomic parity nonconservation !APNC" gives
rise to small parity-nonconserving electric dipole transition
amplitudes !E1PNC". The APNC effect gets strongly en-
hanced in heavy atoms and can be measured by the interfer-
ence of E1PNC with a suppressed electromagnetic transition
amplitude !M1,E2" #1,2$. The accurate measurement of the
6s 2S1/2↔7s 2S1/2 transition in atomic 133Cs by Wieman and
co-workers #3,4$ constitutes a precision test of the elec-
troweak sector of the standard model !SM" of particle phys-
ics #5$. By combining the measurement with a many-body
atomic structure calculation, the weak nuclear charge could
be determined #6$.

The importance of APNC to particle physics is a strong
incentive to further pursue these challenging experiments.
With the experimental and theoretical accuracies at impres-
sive 0.35% #3,4$ and 0.5% #6$ levels, respectively, the 133Cs
result agrees with the SM prediction within one standard
deviation. Nevertheless, it is desirable to consider other can-
didates for APNC studies; see, e.g., Ref. #7$. New experi-
ments have been proposed for Cs #8$ and Fr #9$ atoms. Of
special interest is the proposal by Fortson to measure APNC
in one single laser-cooled and trapped ion #2$. Such single-
ion experiments offer important benefits, such as long coher-
ence times and precise control of various systematic effects.
Promising ions from the experimental and atomic-theory
point of view are heavy alkali-metal-like ions, in particular
Ba+ and Ra+ #10$. Proof-of-principle experiments have been
carried out with 138Ba+ by Fortson and co-workers #10–12$.

At the TRI!P facility #13,14$ at the accelerator institute
KVI in Groningen, an APNC experiment on Ra+ is in
progress #15$. An important advantage of Ra+ is that all rel-
evant transitions are in the optical regime !see Fig. 1" and

thus are accessible by commercially available solid-state la-
ser technology. The goal is to measure the E1PNC amplitude
of the 7s 2S1/2↔6d 2D3/2 transition. We address here the
question of what the prospects are to push the corresponding
atomic theory below 1%, such that the experiment can serve
as a high-precision test of the SM. We analyze various rel-
evant properties of Ra+ and assess the remaining uncertain-
ties.

The parity-nonconserving !PNC" nuclear-spin-
independent !NSI" interaction is due to the electron-quark
neutral weak interaction, the Hamiltonian of which is given
by

HPNC
NSI =

GF

2%2
QW"5ϱnuc!r" , !1"

where GF is the Fermi constant, ϱnuc the nuclear density, and
"5 the standard Dirac matrix; QW is the nuclear weak charge,
which is equal to !2Z+N"c1u+ !2N+Z"c1d in terms of the
coupling constants of the electron to the up and down
quarks; Z and N are the numbers of protons and neutrons.
The Hamiltonian in Eq. !1" mixes atomic states of opposite
parity but with the same angular momentum. Its strength is
weak enough to consider it as a first-order perturbation. We

*timmermans@kvi.nl
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FIG. 1. !Color online" Relevant energy levels in Ra+.
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sin2✓W theory and new physics

Hye-Sung Lee

Center for Theoretical Physics of the Universe, IBS, Daejeon 34051, Korea

Abstract: After briefly discussing the importance of the precise measurement of the weak mixing angle, we discuss

the implication of the dark Z on the low-Q2 parity tests. The dark Z is a very light (roughly, MeV - GeV scale)

gauge boson, which couples to the electromagnetic current as well as the weak neutral current.

Key words: parity test, dark force, dark photon, dark Z

PACS: 14.70.Pw, 11.30.Er

1 Introduction

In this article⇤, we emphasize the importance of the
low-Q2 parity test for the new physics searches. We il-
lustrate our point with a specific example called the dark
parity violation [1–4], which means the parity violation
induced by a dark gauge boson. This presentation shares
some parts with Ref. [5], although updates and comple-
mentary descriptions are provided.

Let us briefly look back the history of the sin2 ✓W
physics. It is well documented in the review [6], and we
will go over only some part very briefly. In 1961, Shel-
don Glashow introduced the SU(2)L⇥U(1)L symmetry,
which has a mixing between two neutral gauge bosons
[7]. In 1967, Steven Weinberg added the Higgs mech-
anism with a Higgs doublet and a vacuum expectation
value, establishing the mass relation mW = mZ cos✓W
with the weak mixing angle ✓W [8]. He also predicted
the weak neutral current mediated by the Z boson. In
1973, the neutral current was discovered in the neutrino
scattering experiments at the CERN Gargamelle detec-
tor [9]. Whether the SU(2)L ⇥U(1)Y is a correct the-
ory to describe this neutral current was not clear then
though. One of the features of the SU(2)L⇥U(1)Y was
the mixing term in the weak neutral current interaction,
proportional to sin2 ✓W , and the parity test measuring
this sin2 ✓W can possibly test the Standard Model (SM).

In 1978, SLAC E122 experiment using the polarized
electron beam and the deuteron target measured the par-
ity violation asymmetry, which gave sin2 ✓W ⇡ 0.22(2),
agreeing to the SM [10]. It is noticeable that this estab-
lishment of the SU(2)L⇥U(1)Y by the SLAC parity test
in 1978 occurred much earlier than the direct discovery
of the W/Z boson resonances at the CERN SPS exper-
iments in 1983 [11, 12]. In 1979, after only one year of
the SLAC parity test, Glashow, Salam, and Weinberg
received the Nobel prize in physics.

The lessons we can learn from this history include (i)
the parity test (by the precise measurement of sin2 ✓W )
can be a critical way to search for a new gauge interac-
tion, and (ii) its finding may precede the direct discovery
of a gauge boson by the bump search.

Figure 1 taken from Ref. [4] shows the running of
the sin2 ✓W in the SM and the current experimental con-
straints. While the current data are more or less consis-
tent with the SM prediction with the given error bars,
more precise measurements in the future experiments
(red bars) may reveal potential new physics e↵ects that
were elusive for the current constraints.

APV!Cs"

Qweak !first"
E158

SLAC

LEP

Ν"DIS

PVDIS

APV!Ra#" Moller
P2
Qweak

SOLID

''Anticipated sensitivities''

"3 "2 "1 0 1 2 3

0.230

0.232

0.234
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2 Θ
W
!Q2 "

Fig. 1. The running of the sin2 ✓W with the mo-
mentum transfer Q in the SM and the current ex-
perimental constraints taken from Ref. [4]. The
red bars show the anticipated sensitivities in the
future parity tests.

2 Dark Photon vs. Dark Z

The dark gauge boson (we use Z 0 for its notation)
is a hypothetical particle with a very small mass and a
small coupling to the SM particles. While the heavy Z 0

(typically TeV scale) has been a traditional target of dis-
covery (see Ref. [13] for a review), the light Z 0 (typically

1)E-mail: hlee@ibs.re.kr
⇤This article and the presentation at PhiPsi 15 meeting (USTC, Hefei, China, September 23-26, 2015) are mainly based on the works

and discussions with H. Davoudiasl and W. Marciano at Brookhaven National Lab, USA.
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Surface muons

Low-energy muon beam lines 
typically tuned to surface-μ+ at  
~ 28 MeV/c
Contribution from cloud muons at 
similar momentum about 100x 
smaller
Negative muons only available as 
cloud muons
Time structure of cyclotron smeared 
out by pion lifetime → DC muon 
beams 
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Surface muons

Cloud muons

protons
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μ+

surface muons 
stopped pion decay

x

π+/-
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cloud muons 
pion decay-in-flight
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Objectives and impact

Polarizability 
with 10% relative accuracy

Polarizability 
from theory

Magnetic radii

Zemach radii
relative accuracy−31 x 10

Zemach radii
from scattering or H

with 1 ppm accuracy
µµMeasure the 1S−HFS in    p and    He 

TPE contributions with
−4 relative accuracy1 x 10

Polarizability 
with 10% relative accuracy

Polarizability 
from theory

Magnetic radii

Zemach radii
relative accuracy−31 x 10

Zemach radii
from scattering or H

with 1 ppm accuracy
µµMeasure the 1S−HFS in    p and    He 

TPE contributions with
−4 relative accuracy1 x 10

- Precision experiment: → hold the potential for surprises

- Radii: → benchmarks for lattice QCD and few-nucleon th.
→ compare with scattering and H/He spectroscopy
→ solve discrepancy between proton RM

- Polarizabilizty contributions → compare to ChPT, dispersion+data, few-nucleon th.
- TPE contributions → compare to dispersion+data, few-nucleon th.

A. Antognini BVR47, PSI 09.02.2016 – p. 3
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Hyperfine splitting vs. 2S-2P spectroscopy
● The 2S-2P energy splitting (Lamb shift)

Eth
L = 206.0336(15) − 5.2275(10)R2

E + 0.0332(20) meV

∆Efinite size = 2πZα
3
∣φ(0)∣2R2

E

RE = − 6
GE(0)

dGE

dQ2 ∣
Q2=0

R2
E ≈ ∫ dr⃗ ρE(r⃗)r2 TPE: Two photon exchange

TPE: Two-photon-Exchange

● The hyperfine splitting ∆E0
HFS ∼ (Zα)⟨µ⃗µ ⋅ µ⃗N ⟩ ∣φ(0)∣2

∆Eth
HFS = 182.819(1) − 1.301RZ + 0.064(21) meV

∆Efinite size = −2(Zα)mr ∆E0
HFS RZ

RZ = − 4
π ∫

∞
0

dQ
Q2 (GE(Q2)GM (Q

2)
1+κp

− 1)

RZ = ∫ d3r⃗ ∣r⃗∣ ∫ d3r⃗′ρE(r⃗ − r⃗′)ρM (r⃗′)

A. Antognini BVR47, PSI 09.02.2016 – p. 2
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Aghion et al., Nature Comm. 5, 4538 (2014)

The precise measurement of forces between objects
gives deep insight into the fundamental interactions and
symmetries of nature. A paradigm example is the

comparison of the motion of matter in the gravitational field,
testing with high precision that the acceleration is material-
independent, that is, the weak equivalence principle1–4. Although
indirect experimental evidence suggests that the weak equivalence
principle also holds for antimatter5–7, a direct observation for
antimatter is still missing. First attempts in this direction have
recently been reported by the ALPHA collaboration8, who used
the release of antihydrogen from a magnetic trap to exclude the
absolute value of the gravitational acceleration of antihydrogen to
be 100 times larger than for matter. An alternative approach is
followed by the GBAR collaboration9, which is based on
sympathetic cooling of positive antihydrogen ions and their
subsequent photodetachment. One of the specified goals of
the AEgIS collaboration (antihydrogen experiment: gravity,
interferometry, spectroscopy) is the direct detection of the
gravitational acceleration using an antihydrogen beam10,11

combined with a moiré deflectometer12, a device with high
sensitivity for acceleration measurements.

Here, we present the successful realization of such a device for
antiprotons. This has been achieved using slow antiprotons from
the Antiproton Decelerator (AD) at CERN, the technology of
emulsion detectors developed for recent high-energy neutrino
experiments13 and a novel referencing method employing
Talbot–Lau interferometry14,15 with light. The observation is
consistent with a force at the 500 aN level acting on the
antiprotons. This demonstration is an important prerequisite
for future studies of the gravitational acceleration of antimatter
building on an antihydrogen beam.

Results
Moiré deflectometer. The principle used in the experiment
reported here is visualized in Fig. 1a. A divergent beam of
antiprotons enters the moiré setup consisting of three equally
spaced elements: two gratings and a spatially resolving emulsion
detector. The two gratings with periodicity d define the classical
trajectories leading to a fringe pattern with the same periodicity at
the position of the detector. If the transit time of the particles
through the device is known, absolute force measurements
are possible by employing Newton’s second law of mechanics16.

As indicated in Fig. 1b, the position of the moiré pattern is shifted
in the presence of a force with respect to the geometric shadow by

Dy ¼ Fk
m

t2 ¼ at2; ð1Þ

where F|| represents the force component along the grating
period, m is the inertial mass of the test particle, a is the
acceleration and t is the time of flight between the two gratings. It
is important to note that the shift has two contributions. The
velocity of the particle after the second grating in the direction of
the acceleration is non-zero and the particle is also accelerated in
the second half of the moiré deflectometer. The relevant
parameter for precision measurements is the sensitivity, that is,
the minimal detectable acceleration amin. This can be estimated
by considering the maximal signal S to noise ratio possible in this
scenario. Since the influence of a pattern shift is most sensitively
detected at the steepest gradient of the pattern the visibility
u¼ (Smax$ Smin)/(Smaxþ Smin) should be maximized and the
periodicity minimized. The noise of the signal is intrinsically
limited for classical particle sources to the shot noise which scales
as 1/

ffiffiffiffi
N
p

, where N is the number of detected particles.
Consequently, the minimal detectable acceleration12 is given by
amin ¼ d= 2put2

ffiffiffiffi
N
p" #

. It is important to note that this device
works even for a very divergent source of particles as shown in
Fig. 1a, and thus is an ideal device for the highly divergent beam
of antihydrogen atoms that is expected in the AEgIS apparatus.

Talbot–Lau interferometry with light as absolute reference.
To determine the magnitude of the fringe pattern shift,
knowledge of the undeflected fringe position (indicated as grey
trajectories in Fig. 1b) is required. Due to the neutrality and high
speed of photons, it is favourable to measure this position inde-
pendently with light so that the action of forces is negligible.
Unlike the case of classical particles described above, geometric
paths are not applicable for visible light as diffraction at the
gratings has to be taken into account. Figure 1c depicts the cor-
responding light field pattern where the distance between the
gratings is given by the Talbot length LTalbot¼ 2d2/l. This con-
figuration is known as Talbot–Lau interferometer14, which is
based on the near-field Talbot effect15—the rephasing of the
pattern in discrete distances behind a grating illuminated with
light. The final pattern is not a classical distribution, but an
interference pattern and coincides with the pattern of the moiré

Light interference

Matter moiréa b

c

40 µm

25 mm

25 mm

Moiré Contact

Figure 1 | Moiré deflectometer for antiprotons. (a) A divergent antiproton beam impinges on two subsequent gratings that restrict the transmitted
particles to well-defined trajectories. This leads to a shadow fringe pattern as indicated in b, which is shifted in the presence of a force (blue trajectories).
Finally, the antiprotons are detected with a spatially resolving emulsion detector. To infer the force, the shifted position of the moiré pattern has to be
compared with the expected pattern without force. (c) This is achieved using light and near-field interference, the shift of which is negligible. A grating in
direct contact with the emulsion is used to reference the antimatter and the light measurements.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5538

2 NATURE COMMUNICATIONS | 5:4538 | DOI: 10.1038/ncomms5538 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

The pattern of 146 antiprotons detected for the grating in
direct contact with the emulsion is depicted in Fig. 2c. The high
visibility implies that the periodicity is well-defined in an area as
large as 15! 6 mm2 since the data collapses onto one fringe by
taking the detected position modulo the extracted periodicity d of
the pattern. To extract the periodicity, we employ the Rayleigh
test23 that is also widely used in astronomy24. The periodicity d
and the relative rotation a of the pattern is found by maximizing

Z2 ¼ 2
n

Xn

i¼1

sin
2p
d
# yi

! " !2

þ
Xn

i¼1

cos
2p
d
# yi

! " !2" #

; ð2Þ

where n is the total number of antiprotons and yi¼ y0 # cos a
þ x0 # sin a depicts the antiproton’s projected coordinate. This
leads to an inferred periodicity of 40.22±0.02 mm, which is
consistent with the expected emulsion expansion of B1% and the
nominal periodicity of 40mm. It is interesting to note that the
analysed area corresponds to 368 slits and, on average, only in
every second slit an antiproton is detected.

In Fig. 2b, the observed moiré pattern for antiprotons is shown.
The 241 events associated with antiproton annihilations were
accumulated during the 6.5-h run of the experiment. The
Rayleigh tests on sub-segments of the detected patterns reveal
local distortion due to the expansion/shear of the emulsion and
allow the identification of regions with negligible distortion.
We have restricted the areas to two-thirds of their initial size,
which ensures a position uncertainty due to shear to be smaller
than ±1.2 mm.

Absolute deflection measurement. To determine the absolute
position of the antiproton fringe pattern (parameter a in Fig. 2b),
we conduct a comparison with the measurement with light.
The results are represented in Fig. 3a,b where the detected
intensity is indicated by the red shading. The alignment is
achieved by overlaying the contact patterns as depicted on the
right of Fig. 3b. The moiré pattern can now be directly compared
with the Talbot–Lau pattern (left of Fig. 3b) to extract a possible
deflection.

For the quantitative analysis, we extract the orientation of the
antimatter (Rayleigh test) and light patterns (Fourier transforma-
tion as the data is discrete in space). We find that the relative
angle of the two antiproton patterns, which are 15 mm apart,
deviates from the angle measured between the two corresponding
light patterns by Dy¼ 0.92±0.27 mrad.

This observation is consistent with independent systematic
studies of the distortion of emulsions on this large scale25. It is
important to realize that this angle implies an intrinsic systematic
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Figure 3 | Comparison between photon and antiproton patterns. (a) The spatial positions of the detected antiprotons (blue dots) are compared with the
subsequently recorded light pattern (measured intensity indicated by the red shading). The Talbot–Lau fringe pattern provides the zero-force reference,
presented here for the same exemplary detector area with ten annihilations as in Fig. 2a. (b) The antiproton and light measurements are aligned by
overlaying the two patterns obtained with the contact grating. The result of this procedure is visualized on the right, where the annihilation positions
of all antiprotons are folded into an area of 80! 80mm2. The moiré and Talbot–Lau pattern depicted on the left, without any further alignment, can be
compared to determine a shift. (c) The data is projected onto the y axis for quantitative analysis. A relative shift between moiré and Talbot–Lau
pattern indicates that a force is present. The observed mean shift of 9.8 mm is consistent with a mean force of 530 aN.
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Figure 4 | Monte Carlo simulation. A detailed simulation study based on
the expected energy distribution of the antiprotons (see Methods) shows
the visibility for increasingly large forces. As the observed pattern in the
presence of a force is an ensemble of differently shifted patterns
corresponding to different transit times t the visibility consequently
decreases. The measured fringe pattern exhibits a visibility of (71±10) %
and is consistent with the result of this simulation. The error bar on the
measured visibility is determined via resampling; the error bar on the
measured force includes the systematic error bound and the one sigma
statistical error bound. The observed high visibility excludes that the fringe
pattern is shifted by more than one period and sets an upper limit for a
force present without the necessity of referencing.
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