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1) Precise spectroscopic comparison between H and H

test of the fundamental CPT symmetry

What measurements are we talking about?

2) Measurement of the gravitational behavior of H

test of the Weak Equivalence Principle

_

3) other measurements in antihydrogen(-like) systems

tests of other fundamental symmetries or assumptions

_



Motivation: CPT
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Type II: “Model” for CPTV: standard 
model extention SME

• Spontaneous Lorentz symmetry breaking by (exotic) string vacua

• Note: there is a preferred frame, sidereal variation due to earth
  rotation may be detectable

CPT & Lorentz violation

Lorentz violation

Modified Dirac eq. in SME

45

although CPT is part of the “standard model”, 
the SM can be extended to allow CPT violation

Phys. Rev. D 55, 6760–6774 (1997)

• Note: if there is a preferred frame, sidereal variation due to Earth’s 
rotation might be detectable



Motivation: CPT

Goal of comparative spectroscopy: test CPT symmetry
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Hydrogen and Antihydrogen

1s-2s

2 photon

!=243 nm

"f/f=10-14

Ground state

hyperfine splitting

f = 1.4 GHz 

"f/f=10-12
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T. Hänsch et al.,
Phys. Rev. Lett. 84, 5496–5499 (2000)

N. F. Ramsey, 
Physica Scripta T59, 323 (1995)



Motivation: CPT

Inconsistent definition of figure of merit: comparison difficult
Pattern of CPT violation unknown (P: weak interaction; CP: mesons)

Absolute energy scale: standard model extension (Kostelecky)

absolute accuracy (GeV)

relative accuracy
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H-H HFS
_

H-H 1S-2S
_

p-p mass
_

p-p  charge/mass
_

K  - K   mass
_

d-d mass
_
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e   mass±
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 He-  He mass

p-p magnetic moment
_

e   charge±

CPT test
of strong 

interaction

CPT test
of EM 

interaction



Motivation: WEPMotivation
§ General relativity is a classical (non quantum) theory;

§ EEP violations may appear in some quantum theory

§ New quantum scalar and vector fields are allowed in some models
(Kaluza Klein ….)

§ These fields may mediate interactions violating the equivalence principle
M. Nieto and T. Goldman, Phys. Rep. 205, 5 221-281,(1992)

Einstein field: tensor graviton (Spin 2, “Newtonian”)

+ Gravi-vector (spin 1)

+ Gravi-scalar (spin 0)

Scalar: “charge” of particle equal to “charge of antiparticle” :        attractive force
Vector: “charge” of particle opposite to “charge of antiparticle”: repulsive/attractive force

Cancellation effects in matter experiment  if a ≈ b and v ≈ s

V = ‒ ― m₁m₂ ( 1∓ a e   + b e    )-r/vG -r/s∞
r

Phys. Rev. D 33 (2475) (1986)



The reality:

(focus on gravity measurements, since 
spectroscopic measurements are covered by following 

talks, although the following holds there as well)



The reality:

(focus on gravity measurements, since 
spectroscopic measurements are covered by following 

talks, although the following holds there as well)

_

in real estate:
location, location, location

in H experiments: 
rate, temperature, flux



Antiproton decelerator

AEgIS
( 1013 p @ 26 GeV/c2) 

ALPHA

BASE

extraction at 5.3 MeV

Two main challenges: colder / more antiprotons
current methods for trapping them are quite inefficient

_



ELENA to the rescue

ATRAP 
I & II

ALPHA
ASACUSA

GBAR BASE

     space for
future (anti)atomic 
physics experiments

Two main challenges: colder / more antiprotons
current methods for trapping them are very inefficient

AEgIS

extraction at 100 keV

_



ELENA is a tiny new decelerator that:
• dramatically slows down the antiprotons from the AD
• increases the antiproton trapping efficiency x 100
• allows 4 experiments to run in parallel
• allows new experiments to come in sta

rt 
in 

20
17
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“Ultra-cold” (~1 µK) Antihydrogen

P1: GAD

General Relativity and Gravitation (GERG) PP1066-gerg-477708 January 2, 2004 15:54 Style file version May 27, 2002

564 Walz and Hänsch

Figure 1. Orders of magnitude relevant for gravitational experiments

with antihydrogen. The scale on the bottom gives the spread of vertical

velocities, 1 ! =
!
kT/m, which corresponds to the temperature axis

in the middle. The height kT/2mg to which antihydrogen atoms can

climb against gravity is shown on the upper scale.

Antihydrogen atoms in a magnetic trap can be cooled further using laser

radiationon the strong1S–2P transition [15–17]which is at 121.6 nmwavelength in

the vacuum-ultraviolet spectral region. Producing laser radiation in thiswavelength

range at Lyman-" is a considerable challenge. Using a pulsed Lyman-" source,

laser-cooling of ordinary hydrogen atoms in amagnetic trap has been demonstrated

down to temperatures of 8mK [29]. Recently we have build the first continuous

laser source for Lyman-" radiation which might eventually improve laser-cooling

of trapped antihydrogen atoms [30, 31]. Nevertheless, there are limits for laser

cooling, one of which is due to the finite selectivity of the cooling force in velocity

space. This “Doppler limit,” kBTDoppler = h̄# /2, is related to the natural linewidth,

# = 2$ · 99.5MHz, of the transition. For antihydrogen, TDoppler = 2.4mK. The

other limit is due to the photon recoil, kBTrecoil = h̄2k2/m, where k = 2$/%. Laser

cooling of antihydrogen is thus eventually limited to Trecoil = 1.3mK [15]. Note

that these limits are fairly high, compared to those for other (alkali) atoms which

are common for laser cooling. This is due to three reasons. First hydrogen is a

very light atom, second the cooling transition is at a rather short wavelength and

third the cooling transition is rather strong, i.e. it has a large natural linewidth.

Nevertheless, laser-cooling of antihydrogen will certainly help a lot, in particular

for CPT tests. But for experiments in antimatter gravity the corresponding vertical

heights in the range of meters might still be somewhat too large to be practical.

1S→2P laser cooling: cw Lyman-α source
Eikema, Walz, Hänsch, PRL 86 (2001) 5679

current lowest p 
temperature (4.2K)

(light atom, short wavelength)

for gravity measurement
gravityspectroscopy

current lowest H 
temperature (0.5K)

_ H atoms in trap @ 8 mK
using pulsed Lyman-α 
I.D.Setija et al., PRL 70 (1993) 2257

_

Two main challenges: colder / more antiprotons



Antihydrogen production processes
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Low T

evaporative cooling of antiprotons (ALPHA)

Reaching the few K regime

particle cloud is in thermal equilibrium, the particles that
are initially released originate from the exponential tail of a
Boltzmann distribution [13], so that a fit can be used to
determine the temperature of the particles. Figure 2 shows
six examples of measured antiproton energy distributions.

The raw temperature fits in Fig. 2 are corrected by a
factor determined by particle-in-cell (PIC) simulations of
the antiprotons being released from the confining potential.
The simulations include the effect of the time dependent
vacuum potentials and plasma self-fields, the possibility of
evaporation, and energy exchange between the different
translational degrees of freedom. The simulations suggest
that the temperature determined from the fit is !16%
higher than the true temperature. Note that the PIC-based
correction has been applied to all temperatures reported in
this Letter. The distribution labeled A in Fig. 2 yields a
corrected temperature of "1040# 45$ K before evapora-
tive cooling; the others are examples of evaporatively
cooled antiprotons achieved as described below.

To perform evaporative cooling, the depth of the initially
1500 mV deep confining well was reduced by linearly
ramping the voltage applied to one of the electrodes to
one of six different predetermined values [see examples on
Fig. 1(b)]. Then the antiprotons were allowed to reequili-
brate for 10 s before being ejected to measure their tem-
perature and remaining number. The shallowest well
investigated had a depth of "10# 4$ mV. Since only one
side of the confining potential is lowered, the evaporating
antiprotons are guided by the magnetic field onto the
aluminum foil, where they annihilate. Monitoring the an-
nihilation signal allows us to calculate the number of
antiprotons remaining at any time by summing all antipro-
ton losses and subtracting the measured cosmic
background.

Figure 3(a) shows the temperature obtained during
evaporative cooling as a function of the well depth. We
observe an almost linear relationship, and in the case of the
most shallow well, we estimate the temperature to be "9#
4$ K. The fraction of antiprotons remaining at the various
well depths is shown on Fig. 3(b), where it is found that
"6# 1$% of the initial 45 000 antiprotons remain in the
shallowest well.

We investigated various times (300, 100, 30, 10, and 1 s)
for ramping down the confining potential from 1500 to
10 mV. The final temperature and fraction remaining were
essentially independent of this time except for the 1 s case,
for which only 0.1% of the particles survived.

A second set of measurements was carried out to deter-
mine the transverse antiproton density profile as a function
of well depth. For these studies the antiprotons were re-
leased onto the combined microchannel plate and phosphor
screen assembly [see Fig. 1(a)], and the measured line-
integrated density profile was used to solve the Poisson-
Boltzmann equations to obtain the full three-dimensional
density distribution and electric potential [14].

A striking feature of the antiproton images was the radial
expansion of the cloud with decreasing well depth, from an
initial radius r0 of 0.6 mm to approximately 3 mm for the
shallowest well. If one assumes that all evaporating anti-
protons are lost from the radial center of the cloud, where
the confining electric field is weakest, no angular momen-
tum is carried away in the loss process. Conservation of
total canonical angular momentum [7] would then predict
that the radial expansion of the density profile will follow
the expression N0=N % hr2i=hr20i when angular momen-
tum is redistributed among fewer particles. Here N0 is the
initial number of antiprotons and N and r are, respectively,
the number and radius after evaporative cooling. We find
that this simple model describes the data reasonably well.
To predict the effect of evaporative cooling in our trap

we modeled the process by solving the rate equations
describing the time evolution of the temperature T, and
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FIG. 3. (a) Temperature vs the on-axis well depth. The error is
the combined statistical uncertainty from the temperature fit and
an uncertainty associated with the applied potentials (one !).
The model calculation described in the text is shown as a line.
(b) The fraction of antiprotons remaining after evaporative
cooling vs on-axis well depth. The uncertainty on each point
is propagated from the counting error (one !). The initial
number of antiprotons was approximately 45 000 for an on-
axis well depth of "1484# 14$ mV.
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for ramping down the confining potential from 1500 to
10 mV. The final temperature and fraction remaining were
essentially independent of this time except for the 1 s case,
for which only 0.1% of the particles survived.

A second set of measurements was carried out to deter-
mine the transverse antiproton density profile as a function
of well depth. For these studies the antiprotons were re-
leased onto the combined microchannel plate and phosphor
screen assembly [see Fig. 1(a)], and the measured line-
integrated density profile was used to solve the Poisson-
Boltzmann equations to obtain the full three-dimensional
density distribution and electric potential [14].
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expansion of the cloud with decreasing well depth, from an
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protons are lost from the radial center of the cloud, where
the confining electric field is weakest, no angular momen-
tum is carried away in the loss process. Conservation of
total canonical angular momentum [7] would then predict
that the radial expansion of the density profile will follow
the expression N0=N % hr2i=hr20i when angular momen-
tum is redistributed among fewer particles. Here N0 is the
initial number of antiprotons and N and r are, respectively,
the number and radius after evaporative cooling. We find
that this simple model describes the data reasonably well.
To predict the effect of evaporative cooling in our trap
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We report the application of evaporative cooling to clouds of trapped antiprotons, resulting in plasmas

with measured temperature as low as 9 K. We have modeled the evaporation process for charged particles

using appropriate rate equations. Good agreement between experiment and theory is observed, permitting

prediction of cooling efficiency in future experiments. The technique opens up new possibilities for

cooling of trapped ions and is of particular interest in antiproton physics, where a precise CPT test on

trapped antihydrogen is a long-standing goal.

DOI: 10.1103/PhysRevLett.105.013003 PACS numbers: 37.10.Mn, 52.25.Dg, 52.27.Jt, 64.70.fm

Historically, forced evaporative cooling has been suc-
cessfully applied to trapped samples of neutral particles
[1], and remains the only route to achieve Bose-Einstein
condensation in such systems [2]. However, the technique
has only found limited applications for trapped ions (at
temperatures !100 eV [3]) and has never been realized in
cold plasmas. Here we report the application of forced
evaporative cooling to a dense (!106 cm"3) cloud of
trapped antiprotons, resulting in temperatures as low as
9 K, 2 orders of magnitude lower than any previously
reported [4].

The process of evaporation is driven by elastic collisions
that scatter high energy particles out of the confining
potential, thus decreasing the temperature of the remaining
particles. For charged particles the process benefits from
the long range nature of the Coulomb interaction, and
compared to neutrals of similar density and temperature,
the elastic collision rate is much higher, making cooling of
much lower numbers and densities of particles feasible. In

addition, intraspecies loss channels from inelastic colli-
sions are nonexistent. Strong coupling to the trapping fields
makes precise control of the confining potential more
critical for charged particles. Also, for plasmas, the self-
fields can both reduce the collision rate through screening
and change the effective depth of the confining potential.
The ALPHA apparatus, which is designed with the

intention of creating and trapping antihydrogen [5], is
located at the Antiproton Decelerator (AD) at CERN [6].
It consists of a Penning-Malmberg trap for charged parti-
cles with an octupole-based magnetostatic trap for neutral
atoms superimposed on the central region. For the work
presented here, the magnetostatic trap was not energized
and the evaporative cooling was performed in a homoge-
neous 1 T solenoidal field.
Figure 1(a) shows a schematic diagram of the apparatus,

with only a subset of the 20.05 mm long and 22.275 mm
radius, hollow cylindrical electrodes shown. The vacuum
wall is cooled using liquid helium, and the measured
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essential to avoid reheating: 
- great care needed on noise reduction; 
- can not use electron cooling to pre-cool
- bring e+ to cold p, not vice-versa, or use autoresonant excitation of p

_ _



Temperature of produced H
_

TBR: fraction trapped out of fraction made ~ 10

challenge inherent in TBR: e+ plasma physics →
trade-off between # and temperature

-4

possible increase in cold H rate by laser-cooling Be+ 
to sympathetically cool e+ but is cooling efficient 

enough to counteract heating through p injection?

_

_
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Figure 2. A conceptual experimental setup for the ground-state hyperfine transition
measurements of H atoms with the cusp trap (see the text for more details).
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Figure 3. (a) A schematic drawing of the present experimental setup, which consists of
the antiproton (p) catching trap, the compact positron (e+) accumulator, the cusp trap for
antihydrogen (H) synthesis, the 3D track detector, and the H detector downstream of the cusp
trap. (b) The central part of the cusp trap, which consists of a superconducting solenoid coils,
a cryogenic UHC bore tube, and an MRE installed in the bore tube.

installed in a weak uniform magnetic field away from the H formation trap, which enables high
precision spectroscopy of H atoms. Our preliminary simulation revealed that the polarization of
50 K H beam amounts to about 30 % when they are synthesized near the maximum magnetic
field in the cusp trap [27]. The microwave cavity induces hyperfine transitions from LFS to HFS
states when the microwave frequency is in resonance. The sextupole magnet sorts out H atoms
in HFS states from those in LFS states.

Figure 3(a) schematically shows the experimental setup used to confirm the H synthesis. It
consists of the antiproton (p) catching trap [28], the compact positron (e+) accumulator [29],
the cusp trap, the 3D track detector [30], and the H detector. The 3D track detector consisted
of two pairs of two modules each having 64 horizontal and 64 vertical scintillator bars of 1.5 cm
width. It was used to determine the annihilation position of antiprotons by monitoring charged
pion trajectories. Antiprotons of 5.3 MeV from the Antiproton Decelerator (AD) at CERN were
extracted into the ASACUSA area, slowed down to 120 keV by a radio frequency quadrupole
decelerator (RFQD), and then were injected into the p catching trap through a double thin
degrader foil of 180 µg/cm2 thickness. About 106 antiprotons were accumulated and electron-
cooled per one AD shot in the p catching trap. The antiproton cloud was radially compressed [31]

6

Formation:
TBR

Focusing
of low-field 

seekers

Rate: few atoms/hour

Rydberg states ? Many still in n>29

Velocity? T~ 100K-1000K?

Under reasonable assumptions & measuring 
both transitions to extrapolate to zero field 
➟ measurement to 1x10-7 appears possible
(with a rate of ~ 1Hz of ground-state atoms)

TBR: same trade-off between # and temperature



alternative production method: RCE

AEgIS

Ps + p → H + e-
Ps* + p → H + e-

_
__

_

e+

e+
TPs ~ 100 K

TH ~ Tp

Ep ~ 5 kV

_ _

Ps + H → H++ e-
__

GBAR

cold H
_

hot H
_

+

_
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Schematic overview: pulsed horizontal beam of H
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Schematic overview: pulsed horizontal beam of H
_
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F = - ─ n k ▽ E ➝3
2

beam formation: Stark acceleration
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Schematic overview: pulsed horizontal beam of H
_

L L

σ ≈ a0n
4

measurement: deflectometer

time-of-flight:         pulsed production
beam divergence:   ultra-cold p

_

F = - ─ n k ▽ E ➝3
2

[M. K. Oberthaler et al., Phys. Rev. A 54 (1996) 3165]
[A. Kellerbauer et al., Phys. Rev. A 54 (1996) 3165]



AEgIS experiment
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Development of nuclear emulsions with 1 m spatial  
resolution for the AE!IS experiment 

M. Kimura on behalf of the AE!IS collaboration. 
Albert Einstein Center for Fundamental Physics, Laboratory for High Energy Physics, University of Bern 

Contact e-mail: mitsuhiro.kimura@lhep.unibe.ch  

The goal of the AE!IS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a !   beam will be measured with a precision of 1% on !"! by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few m to achieve the 1% goal. 

 The AE!IS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 m. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AE!IS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability ( m level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
 The detection efficiency per AgBr crystal with 6 GeV/c pions 
 The background in terms of the fog density 

  (the number of noise grains per 103 m3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AE!IS detectors. Right: !"!#vs. number of  
particles for a position sensitive detector resolution of 1 m (red) and 10 m (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/!!!"#$%  

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 m on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 m stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 m slit, 40 m pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 m 

Reference 
C. Amsler et al
gravitational force on antihydrogen !arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 m 

1 m 

10 m 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 m (red) and 10 m (blue).  
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Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 m (red) and 10 m (blue).  
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Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 m (red) and 10 m (blue).  
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Right: A minimum ionizing track (MIP) of 
a 10 GeV/!!!"#$%  

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 m on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 m stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 m slit, 40 m pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 m 

Reference 
C. Amsler et al
gravitational force on antihydrogen !arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 m 

1 m 

10 m 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 m (red) and 10 m (blue).  
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GRAVITY MEASUREMENT -  
PROOF OF PRINCIPLE

•Mini-moiré deflectometer
• distance 25 mm
• slit 12 μm, pitch 40 μm, 100 μm thick
• p ! beam E~(100±150) keV traversing 

1T magnet
• light reference:  

Talbot-Lau
• emulsion detector 
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Proof of principles

! Antiproton fringes observed!

! Small uncertainty due to distortion !

! Shift of fringes detected !

! Consistent with the force from stray field perpendicular to the grating period 

21

Mini-Moiré setup 
! ~100 keV antiprotons!
! 7 hour exposure!
! Bare emulsion behind deflectometer!
! Alignment of gratings using light and 

single grating

Submitted for publication

Parasitic measurements primordial to converge to the optimal detector/deflectometer configuration

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 ! Fk
m

t2 ! at2; "1#

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
u! (Smax$ Smin)/(Smax% 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/

!!!!
N

p
, where N is the number of detected particles.

Consequently, the minimal detectable acceleration12 is given by
amin ! d= 2put2

!!!!
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 LTalbot! 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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The goal of the AE!IS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a !   beam will be measured with a precision of 1% on !"! by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few m to achieve the 1% goal. 

 The AE!IS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 m. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AE!IS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability ( m level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
 The detection efficiency per AgBr crystal with 6 GeV/c pions 
 The background in terms of the fog density 

  (the number of noise grains per 103 m3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AE!IS detectors. Right: !"!#vs. number of  
particles for a position sensitive detector resolution of 1 m (red) and 10 m (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/!!!"#$%  

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 m on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 m stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 m slit, 40 m pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 m 

Reference 
C. Amsler et al
gravitational force on antihydrogen !arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 m 

1 m 

10 m 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 m (red) and 10 m (blue).  
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GRAVITY MEASUREMENT -  
PROOF OF PRINCIPLE

•Mini-moiré deflectometer
• distance 25 mm
• slit 12 μm, pitch 40 μm, 100 μm thick
• p ! beam E~(100±150) keV traversing 

1T magnet
• light reference:  

Talbot-Lau
• emulsion detector 
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Proof of principles

! Antiproton fringes observed!

! Small uncertainty due to distortion !

! Shift of fringes detected !

! Consistent with the force from stray field perpendicular to the grating period 

21

Mini-Moiré setup 
! ~100 keV antiprotons!
! 7 hour exposure!
! Bare emulsion behind deflectometer!
! Alignment of gratings using light and 

single grating

Submitted for publication

Parasitic measurements primordial to converge to the optimal detector/deflectometer configuration

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 ! Fk
m

t2 ! at2; "1#

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
u! (Smax$ Smin)/(Smax% 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/

!!!!
N

p
, where N is the number of detected particles.

Consequently, the minimal detectable acceleration12 is given by
amin ! d= 2put2

!!!!
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 LTalbot! 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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resolution for the AE!IS experiment 
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Contact e-mail: mitsuhiro.kimura@lhep.unibe.ch  

The goal of the AE!IS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a !   beam will be measured with a precision of 1% on !"! by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few m to achieve the 1% goal. 

 The AE!IS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 m. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AE!IS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability ( m level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
 The detection efficiency per AgBr crystal with 6 GeV/c pions 
 The background in terms of the fog density 

  (the number of noise grains per 103 m3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AE!IS detectors. Right: !"!#vs. number of  
particles for a position sensitive detector resolution of 1 m (red) and 10 m (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/!!!"#$%  

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 m on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 m stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 m slit, 40 m pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 m 

Reference 
C. Amsler et al
gravitational force on antihydrogen !arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 m 

1 m 

10 m 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 m (red) and 10 m (blue).  
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p ! DEFLECTOMETER RESULT

•Pattern observed
• Shift between p ! and 

light observed

• consistent with residual 
B, E fields

• sensitivity of μm 
reached

• H̅ beam case
• velocity *10"4

• distance * 40
• Force 10"10

**

deflectometer experiencing no acceleration. Thus, light provides
the required absolute zero-force reference. The only prerequisite
is that the Talbot length (or a multiple integer of it) is matched to
the distance between the gratings and the detector. With that, the
absolute shift of the antimatter pattern can be directly accessed
and systematic errors can be significantly reduced as the
moiré deflectometer and Talbot–Lau interferometer use the
same gratings. We would like to stress that Talbot–Lau
interferometry is also possible for matter waves such as atoms
and molecules17,18 if their de Broglie wavelength is long enough.

Experimental implementation. The experiment was performed
within the AEgIS apparatus designed to produce antihydrogen for
a future measurement of the gravitational acceleration10,19. A
beam of antiprotons with a broad energy distribution, delivered
by the AD at CERN, is realized after the 5.3MeV antiprotons are
transmitted through degrader foils with a total thickness of
225mm (170 mm of aluminium and 55 mm of silicon). The
simulated distribution has a mean energy of 106 keV and a root
mean squared value of about 150 keV (see Methods). After
traversing a 3.6-m long tube within two homogeneous magnetic
fields of 5 T and 1 T, the antiprotons enter the deflectometer. We
estimate the mean de Broglie wavelength to be 8.8! 10" 14m,
which implies that the concept of classical paths for the
trajectories of the antiprotons is applicable for our gratings with
a periodicity of 40 mm.

The grating holder is compact (25mm distance between the
gratings) so that the passive stability of the relative positions
between the gratings for the long measurement time of 6.5 h is
ensured. The slit arrays are manufactured in silicon by reactive
ion etching, leading to a 100-mm thick silicon membrane with a
slit width of 12mm and a periodicity of d# 40mm. Low-energy
antiprotons hitting the slit array annihilate on the surface of the
array and do not reach the detector. For this measurement, the
final pattern, that is, the annihilation positions of antiprotons
after passing two gratings, is detected by an emulsion detector.
The moiré deflectometer and the annihilation detector are
mounted in a vacuum chamber (10" 5mbar) on the extraction
line of the AEgIS apparatus. After the exposure to antiprotons,

the emulsion detector is removed, developed and analysed with
an automatic microscope available at one of the participating
institutions to determine the location of single annihilations. This
facility was initially developed for the detection of neutrino-
induced t-leptons by the OPERA experiment13. The development
of emulsion detectors for the application presented here, which
involves operation in vacuum, is described in refs 20,21.

After removal of the emulsion detector the pattern of the
Talbot–Lau interferometry with light was recorded in a
subsequent measurement. For this purpose, the grating holder
was homogenously illuminated by an incoherent light source (red
light-emitting diode with spatial diffuser). For a wavelength of
l# 640 nm, the Talbot distance is LTalbot# 2d2/lE5mm. Thus,
for our setup (L# 25mm), we analyse the fifth rephasing of the
light waves. The light pattern was directly recorded at the plane of
the emulsion with a high-resolution flatbed charge-coupled
device scanner (2.7mm resolution). To align the antiproton and
light measurement in the experiment reported here, an
independent spatial reference is implemented. For that purpose
we installed an additional transmission grating in direct contact
with the detector plane. Contact grating and moiré deflectometer
(see Fig. 1a) were simultaneously illuminated: first with
antiprotons and subsequently with light. In each case, the pattern
behind the contact grating is a simple shadow without any force
dependence, and thus can be used as a reference for alignment.

Antimatter fringe patterns. With the emulsion detector, the
positions of the annihilation vertices can be detected with a
typical resolution of 2mm (see Fig. 2a). The fragments produced
by the annihilation of antiprotons lead to a characteristic star-
shaped pattern, which can be observed with the microscope (an
example is depicted in Fig. 2a). The first observation of such an
annihilation star succeeded shortly after the discovery of the
antiproton using emulsions22. This allows for very robust and
high-quality particle identification, which makes this detector
practically background-free. In addition, this detector can detect
the arrival of antiprotons over a large area and thus is compatible
with an upscaling of the grating area necessary for experiments
with a divergent antihydrogen beam.
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Figure 2 | Antiproton fringe pattern. (a) The spatial pattern of the antiprotons (highlighted as blue tracks) as detected by the emulsion detector
in an exemplary area of 1mm2. The annihilation of an antiproton leads to a clear signal from which the annihilation vertex can be extracted with a
precision of 2mm by reconstruction analysing the emitted secondary particles. The image enlargement shows an exemplary annihilation star. (b) The
fringe pattern after transmission through the moiré deflectometer setup reveals a visibility as high as (71±10) %. Since less than one antiproton is detected
per lattice period, the pattern shown is obtained by binning the vertical positions modulo the extracted periodicity of the fringe pattern. The solid black
line denotes the expected distribution. (c) The pattern behind a grating placed directly on the emulsion detector (‘contact’) is a simple shadow that is
smeared out due to the finite resolution of the detection. The few background events are consistent with independently observed grating defects. This
pattern is used as a reference with no force dependence since the transit time is zero. The position of the moiré fringe pattern (indicated as offset a) is
measured using light.
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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! 6mm2 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
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where n is the total number of antiprotons and yi" y0 # cos a
$ 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 ofB1% 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 15mm apart,
deviates from the angle measured between the two corresponding
light patterns by Dy" 0.92±0.27mrad.

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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Δy=9.8±0.9(stat)±6.4(syst) μm
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The goal of the AE!IS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a !   beam will be measured with a precision of 1% on !"! by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few m to achieve the 1% goal. 

 The AE!IS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 m. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AE!IS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability ( m level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
 The detection efficiency per AgBr crystal with 6 GeV/c pions 
 The background in terms of the fog density 

  (the number of noise grains per 103 m3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AE!IS detectors. Right: !"!#vs. number of  
particles for a position sensitive detector resolution of 1 m (red) and 10 m (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/!!!"#$%  

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 m on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 m stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 m slit, 40 m pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 m 

Reference 
C. Amsler et al
gravitational force on antihydrogen !arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 m 

1 m 

10 m 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 m (red) and 10 m (blue).  
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GRAVITY MEASUREMENT -  
PROOF OF PRINCIPLE

•Mini-moiré deflectometer
• distance 25 mm
• slit 12 μm, pitch 40 μm, 100 μm thick
• p ! beam E~(100±150) keV traversing 

1T magnet
• light reference:  

Talbot-Lau
• emulsion detector 
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C. Malbrunot  — PSAS 2014 — Rio de Janeiro, May 26th 2014

Proof of principles

! Antiproton fringes observed!

! Small uncertainty due to distortion !

! Shift of fringes detected !

! Consistent with the force from stray field perpendicular to the grating period 

21

Mini-Moiré setup 
! ~100 keV antiprotons!
! 7 hour exposure!
! Bare emulsion behind deflectometer!
! Alignment of gratings using light and 

single grating

Submitted for publication

Parasitic measurements primordial to converge to the optimal detector/deflectometer configuration

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 ! Fk
m

t2 ! at2; "1#

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
u! (Smax$ Smin)/(Smax% 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/

!!!!
N

p
, where N is the number of detected particles.

Consequently, the minimal detectable acceleration12 is given by
amin ! d= 2put2

!!!!
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 LTalbot! 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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The goal of the AE!IS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a !   beam will be measured with a precision of 1% on !"! by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few m to achieve the 1% goal. 

 The AE!IS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 m. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AE!IS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability ( m level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
 The detection efficiency per AgBr crystal with 6 GeV/c pions 
 The background in terms of the fog density 

  (the number of noise grains per 103 m3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AE!IS detectors. Right: !"!#vs. number of  
particles for a position sensitive detector resolution of 1 m (red) and 10 m (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/!!!"#$%  

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 m on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 m stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 m slit, 40 m pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 m 

Reference 
C. Amsler et al
gravitational force on antihydrogen !arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 m 

1 m 

10 m 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 m (red) and 10 m (blue).  
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•Mini-moiré deflectometer
• distance 25 mm
• slit 12 μm, pitch 40 μm, 100 μm thick
• p ! beam E~(100±150) keV traversing 

1T magnet
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Talbot-Lau
• emulsion detector 
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Proof of principles

! Antiproton fringes observed!

! Small uncertainty due to distortion !

! Shift of fringes detected !

! Consistent with the force from stray field perpendicular to the grating period 
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Mini-Moiré setup 
! ~100 keV antiprotons!
! 7 hour exposure!
! Bare emulsion behind deflectometer!
! Alignment of gratings using light and 

single grating
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Parasitic measurements primordial to converge to the optimal detector/deflectometer configuration

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 ! Fk
m

t2 ! at2; "1#

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
u! (Smax$ Smin)/(Smax% 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/

!!!!
N

p
, where N is the number of detected particles.

Consequently, the minimal detectable acceleration12 is given by
amin ! d= 2put2

!!!!
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 LTalbot! 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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The goal of the AE!IS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a !   beam will be measured with a precision of 1% on !"! by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few m to achieve the 1% goal. 

 The AE!IS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 m. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AE!IS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability ( m level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
 The detection efficiency per AgBr crystal with 6 GeV/c pions 
 The background in terms of the fog density 

  (the number of noise grains per 103 m3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AE!IS detectors. Right: !"!#vs. number of  
particles for a position sensitive detector resolution of 1 m (red) and 10 m (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/!!!"#$%  

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 m on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 m stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 m slit, 40 m pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 m 

Reference 
C. Amsler et al
gravitational force on antihydrogen !arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 m 

1 m 

10 m 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 m (red) and 10 m (blue).  
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deflectometer experiencing no acceleration. Thus, light provides
the required absolute zero-force reference. The only prerequisite
is that the Talbot length (or a multiple integer of it) is matched to
the distance between the gratings and the detector. With that, the
absolute shift of the antimatter pattern can be directly accessed
and systematic errors can be significantly reduced as the
moiré deflectometer and Talbot–Lau interferometer use the
same gratings. We would like to stress that Talbot–Lau
interferometry is also possible for matter waves such as atoms
and molecules17,18 if their de Broglie wavelength is long enough.

Experimental implementation. The experiment was performed
within the AEgIS apparatus designed to produce antihydrogen for
a future measurement of the gravitational acceleration10,19. A
beam of antiprotons with a broad energy distribution, delivered
by the AD at CERN, is realized after the 5.3MeV antiprotons are
transmitted through degrader foils with a total thickness of
225mm (170 mm of aluminium and 55 mm of silicon). The
simulated distribution has a mean energy of 106 keV and a root
mean squared value of about 150 keV (see Methods). After
traversing a 3.6-m long tube within two homogeneous magnetic
fields of 5 T and 1 T, the antiprotons enter the deflectometer. We
estimate the mean de Broglie wavelength to be 8.8! 10" 14m,
which implies that the concept of classical paths for the
trajectories of the antiprotons is applicable for our gratings with
a periodicity of 40 mm.

The grating holder is compact (25mm distance between the
gratings) so that the passive stability of the relative positions
between the gratings for the long measurement time of 6.5 h is
ensured. The slit arrays are manufactured in silicon by reactive
ion etching, leading to a 100-mm thick silicon membrane with a
slit width of 12mm and a periodicity of d# 40mm. Low-energy
antiprotons hitting the slit array annihilate on the surface of the
array and do not reach the detector. For this measurement, the
final pattern, that is, the annihilation positions of antiprotons
after passing two gratings, is detected by an emulsion detector.
The moiré deflectometer and the annihilation detector are
mounted in a vacuum chamber (10" 5mbar) on the extraction
line of the AEgIS apparatus. After the exposure to antiprotons,

the emulsion detector is removed, developed and analysed with
an automatic microscope available at one of the participating
institutions to determine the location of single annihilations. This
facility was initially developed for the detection of neutrino-
induced t-leptons by the OPERA experiment13. The development
of emulsion detectors for the application presented here, which
involves operation in vacuum, is described in refs 20,21.

After removal of the emulsion detector the pattern of the
Talbot–Lau interferometry with light was recorded in a
subsequent measurement. For this purpose, the grating holder
was homogenously illuminated by an incoherent light source (red
light-emitting diode with spatial diffuser). For a wavelength of
l# 640 nm, the Talbot distance is LTalbot# 2d2/lE5mm. Thus,
for our setup (L# 25mm), we analyse the fifth rephasing of the
light waves. The light pattern was directly recorded at the plane of
the emulsion with a high-resolution flatbed charge-coupled
device scanner (2.7mm resolution). To align the antiproton and
light measurement in the experiment reported here, an
independent spatial reference is implemented. For that purpose
we installed an additional transmission grating in direct contact
with the detector plane. Contact grating and moiré deflectometer
(see Fig. 1a) were simultaneously illuminated: first with
antiprotons and subsequently with light. In each case, the pattern
behind the contact grating is a simple shadow without any force
dependence, and thus can be used as a reference for alignment.

Antimatter fringe patterns. With the emulsion detector, the
positions of the annihilation vertices can be detected with a
typical resolution of 2mm (see Fig. 2a). The fragments produced
by the annihilation of antiprotons lead to a characteristic star-
shaped pattern, which can be observed with the microscope (an
example is depicted in Fig. 2a). The first observation of such an
annihilation star succeeded shortly after the discovery of the
antiproton using emulsions22. This allows for very robust and
high-quality particle identification, which makes this detector
practically background-free. In addition, this detector can detect
the arrival of antiprotons over a large area and thus is compatible
with an upscaling of the grating area necessary for experiments
with a divergent antihydrogen beam.
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Figure 2 | Antiproton fringe pattern. (a) The spatial pattern of the antiprotons (highlighted as blue tracks) as detected by the emulsion detector
in an exemplary area of 1mm2. The annihilation of an antiproton leads to a clear signal from which the annihilation vertex can be extracted with a
precision of 2mm by reconstruction analysing the emitted secondary particles. The image enlargement shows an exemplary annihilation star. (b) The
fringe pattern after transmission through the moiré deflectometer setup reveals a visibility as high as (71±10) %. Since less than one antiproton is detected
per lattice period, the pattern shown is obtained by binning the vertical positions modulo the extracted periodicity of the fringe pattern. The solid black
line denotes the expected distribution. (c) The pattern behind a grating placed directly on the emulsion detector (‘contact’) is a simple shadow that is
smeared out due to the finite resolution of the detection. The few background events are consistent with independently observed grating defects. This
pattern is used as a reference with no force dependence since the transit time is zero. The position of the moiré fringe pattern (indicated as offset a) is
measured using light.
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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! 6mm2 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 " 2
n

Xn

i"1

sin
2p
d

# yi
! " !2

$
Xn

i"1

cos
2p
d

# yi
! " !2" #

; %2&

where n is the total number of antiprotons and yi" y0 # cos a
$ 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 ofB1% 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 15mm apart,
deviates from the angle measured between the two corresponding
light patterns by Dy" 0.92±0.27mrad.

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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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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Δy=9.8±0.9(stat)±6.4(syst) μm
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The goal of the AE!IS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a !   beam will be measured with a precision of 1% on !"! by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few m to achieve the 1% goal. 

 The AE!IS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 m. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AE!IS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability ( m level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
 The detection efficiency per AgBr crystal with 6 GeV/c pions 
 The background in terms of the fog density 

  (the number of noise grains per 103 m3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AE!IS detectors. Right: !"!#vs. number of  
particles for a position sensitive detector resolution of 1 m (red) and 10 m (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/!!!"#$%  

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 m on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 m stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 m slit, 40 m pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 m 

Reference 
C. Amsler et al
gravitational force on antihydrogen !arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 m 

1 m 

10 m 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 m (red) and 10 m (blue).  
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sympathetic cooling to the rescue

cooling of H+
_

formation of H+(binding energy = 0.754 eV)

cooling of p
_

should allow reaching same precision on g as with atoms (10-6 or better)

J.Walz and T. Hänsch, Gen. Rel. and Grav. 36 (2004) 561

Roy & Sinha, EPJD 47 (2008) 327

how? perhaps through Ps(2p)+H(1s) → H+ + e-

_
_ _

sympathetic cooling of H+

e.g. In+ → 20 μK

photodetachment at ~6083 cm-1

gravity measurement via “TOF ”

Warring et al, PRL 102 (2009) 043001
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Fig. 1 (Color online.) Energy
level diagram of the negative
osmium ion. The red arrow
indicates the relevant
transition for laser cooling

valence electron [19]. Classically, negative ions should not exist, as it is not ener-
getically favorable for a negatively charged electron to attach itself to a neutral core.
Nevertheless, most elements form negative ions. They are created by polarization
of the neutral atom and are stable due to quantum-mechanical correlation effects.
Their binding energy, the energy gained when all Z + 1 electrons adjust their
wavefunctions in accordance with the Pauli exclusion principle and electrostatic
repulsion, is typically about an order of magnitude smaller than the binding energies
of atoms or positive ions. The potential is both shallow and short-ranged; therefore,
only a limited number of bound states (if any) exists.

The number of negative ions which form bound excited states is even smaller [20].
Most of these states are sub-levels of the same configuration and hence have the
same parity as the ground state. Due to the well-known selection rules, electric-
dipole transitions cannot occur between same-parity states. Such transitions are,
however, of particular interest for spectroscopic investigations. Moreover, they could
in principle be used to laser-cool the negative ion. Opposite-parity bound states
have been predicted for the anions of a number of elements. While some of these
candidates have not yet been investigated experimentally, the existence of such states
in lanthanum and cesium has already been ruled out [21, 22].

Recently, a comparatively strong resonant transition just below the photode-
tachment threshold was discovered in the negative osmium ion and investigated by
infrared laser photodetachment spectroscopy [23]. In this study of Os!, the transition
frequency (wavelength ! " 1162.7 nm) was determined with an uncertainty of
" 5 GHz. It was found that the bound excited state is very weakly bound (binding
energy " 11.5 meV) and that its Einstein coefficient is A " 104. Figure 1 shows
the resulting energy level diagram, taking into account theoretical calculations on
the ground state configuration [24]. The narrow linewidth means that the Doppler
temperature achievable by laser cooling is TD " 0.24 µK, four orders of magnitude
lower than that of (anti-)hydrogen when using the Lyman-" transition [25]. Based
on these experimental data, the aforementioned theoretical study [18] established
that the laser cooling of Os! should be technically feasible. Many aspects of the
technique, however, depend on the cross-section of the cooling transition as well
as the configuration of the bound state, necessitating a more detailed spectroscopic
investigation of Os!.

11meV
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level diagram of the negative
osmium ion. The red arrow
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transition for laser cooling

valence electron [19]. Classically, negative ions should not exist, as it is not ener-
getically favorable for a negatively charged electron to attach itself to a neutral core.
Nevertheless, most elements form negative ions. They are created by polarization
of the neutral atom and are stable due to quantum-mechanical correlation effects.
Their binding energy, the energy gained when all Z + 1 electrons adjust their
wavefunctions in accordance with the Pauli exclusion principle and electrostatic
repulsion, is typically about an order of magnitude smaller than the binding energies
of atoms or positive ions. The potential is both shallow and short-ranged; therefore,
only a limited number of bound states (if any) exists.

The number of negative ions which form bound excited states is even smaller [20].
Most of these states are sub-levels of the same configuration and hence have the
same parity as the ground state. Due to the well-known selection rules, electric-
dipole transitions cannot occur between same-parity states. Such transitions are,
however, of particular interest for spectroscopic investigations. Moreover, they could
in principle be used to laser-cool the negative ion. Opposite-parity bound states
have been predicted for the anions of a number of elements. While some of these
candidates have not yet been investigated experimentally, the existence of such states
in lanthanum and cesium has already been ruled out [21, 22].

Recently, a comparatively strong resonant transition just below the photode-
tachment threshold was discovered in the negative osmium ion and investigated by
infrared laser photodetachment spectroscopy [23]. In this study of Os!, the transition
frequency (wavelength ! " 1162.7 nm) was determined with an uncertainty of
" 5 GHz. It was found that the bound excited state is very weakly bound (binding
energy " 11.5 meV) and that its Einstein coefficient is A " 104. Figure 1 shows
the resulting energy level diagram, taking into account theoretical calculations on
the ground state configuration [24]. The narrow linewidth means that the Doppler
temperature achievable by laser cooling is TD " 0.24 µK, four orders of magnitude
lower than that of (anti-)hydrogen when using the Lyman-" transition [25]. Based
on these experimental data, the aforementioned theoretical study [18] established
that the laser cooling of Os! should be technically feasible. Many aspects of the
technique, however, depend on the cross-section of the cooling transition as well
as the configuration of the bound state, necessitating a more detailed spectroscopic
investigation of Os!.

Ultracold antiprotons by indirect laser cooling 81

Fig. 3 (Color online.)
Blue-shifted resonance
frequencies as a function
of the ion beam energy [28].
The solid line is the result
of the fit for the Doppler shift,
its extrapolation to zero beam
energy is shown in the inset.
The lower pane shows the
residuals of the fit

Previous investigations of excited states in negative ions have relied on photode-
tachment by absorption of an additional photon into the excited state. In our setup,
ions which have been excited to the Je state in the interaction region are neutralized
by the strong electric field in the ionizer. Of course, photodetachment nevertheless
occurs and contributes to the total neutralization rate. All neutral atoms are detected
by the MCP placed in the forward direction. A typical excitation resonance is shown
in Fig. 2b, along with the corresponding resonance obtained without the ionizing
potential. The difference in signal intensities illustrates the dramatic enhancement
due to the field detachment. The width of the (mainly Gaussian) resonance,
!res ! 45 MHz, is dominated by the Doppler width; its slight asymmetry is due to
a corresponding asymmetry in the velocity distribution of the ions.

In collinear laser spectroscopy, the measured transition frequency is blue-shifted
because of the Doppler effect. While the transition frequency in the ion’s rest frame
can be deduced from a single measurement at a well-known ion beam energy, a
more precise value is obtained by performing a number of measurements at different
beam energies and fitting the data points to the well-known function for the Doppler
shift. Furthermore, a possible systematic shift in the beam energy can be accounted
for by including it as a parameter of the fit. The result of these measurements
and the corresponding fit are shown in Fig. 3 [28]. From the fit, a transition
frequency of "0 = 257.831190(35) THz was obtained, corresponding to a wavelength
of 1162.74706(16) nm. This is in good agreement with the prior measurement [23], but
more than two orders of magnitude more precise. The fit yielded an average beam
energy error of 0.4(5) eV. To our knowledge, this transition frequency measurement
constitutes the most precise determination of any feature in an atomic anion.

The resonant cross-section can be determined by considering the time evolution
of the ground and excited state populations in the beam as well as the number of
neutralized atoms. A set of three differential rate equations for these populations in
the region of overlapping beams can be solved analytically [29]. The total number
of neutralized particles is obtained by numerically integrating the expressions for
the number of excited and detached ions over time and the radial extent of the
overlapping beams. Assuming constant overlap of the ion and laser beam, it is only

very weak cooling  
→ best to start at ~ 4K and cool
   to Doppler limit (                 )

Fischer et al, PRL 104 (2010) 073004 

_

GBAR experiment

TOD

Anion cooling for AEgIS: Os, La, C2
_ _ _

challenge remains: sub-mK H for gravity, spectroscopy

_

_

Jordan, et al.,PRL 115 (2015) 113001



Anion cooling for AEgIS: C2
_

Sisyphus cooling in a Penning trap

P. Yzombard et al., Phys. Rev. Lett. 114, 213001

Electronic and vibrational levels of C2

Arrow width ~ Franck-Condon transition strength

_

_
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other measurements with 
antihydrogen-like atoms & ions...

Ps, muonium:

µp:
_

H:
_

charge neutrality ...  (can GBAR do this as well?) 

gravity (2nd generation), antiproton charge radius

gravity (lepton sensitivity)

pp, pd:
_ _

gravity (baryon sensitivity) - Rydberg protonium

ions: H2+, resp. H2

ions: H+
_

gravity, CPT (ultra-cold H)
_

_ _

proton-electron mass ratio	
μ	
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Muonium Emission into Vacuum from Mesoporous Thin Films at Cryogenic Temperatures

A. Antognini, P. Crivelli, T. Prokscha, K. S. Khaw, B. Barbiellini, L. Liszkay, K. Kirch, K. Kwuida, E. Morenzoni, F. M. Piegsa, Z. Salman, and A. Suter

Phys. Rev. Lett. 108, 143401

~ keV

gravity with Rydberg
muonic antihydrogen

charge radius of antiproton

possibility of a pulsed beam

muonic antihydrogen

p
_

several groups: AEgIS, Base, GBAR
_

Stefan Ulmer, Workshop on Physics beyond Colliders, CERN 2016



H* + p → (pp)* + e
__

pulsed formation: t0 ~ few ns

-‐

~ eV

gravity with (long-lived) 
Rydberg protonium

possibility of a 
protonium beam

protonium

e.g. molecular NH3 beam, 
      laser dissociation,
      laser excitation,
      Stark deceleration of H*p

_
H  or    H*

precision spectroscopy 
with (long-lived) 

Rydberg protonium
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ions: H2+, resp. H2

_ _

H2 formation:  TBR with trapped H, or H+ + H → H2 + e+

proton-electron mass ratio	
μ	


“the realization of an H2!optical clock, is much more challenging. Our accuracy estimates show that it may allow for 
tests of μ time variation at the 10−17/yr level, improving current limits by one order of magnitude. The main drawback 
of H2  is its light mass causing a larger second-order Doppler shift. On the plus side, this also leads to higher 
vibrational transition frequencies, allowing for better clock stability. Finally, a clock based on H2 would represent, like 
atomic hydrogen masers, a clock with a ʼcalculableʼ frequency, in this case providing a direct, 11-digit link from the SI 
second to the values of fundamental physical constants. Unlike H masers, however, an H2 clock would operate at 
optical wavelengths and benefit from many of the techniques developed for ion-based optical atomic clocks.

J.P. Karr et al., Journal of Physics: Conference Series 723 (2016) 012048

antiproton-positron mass ratio	
μ	

_

+

+

+

+

@ 10−17/yr level

H2 formation:  H2 photo-ionization? or ionization via ~50 eV e+?
→ H2 + e+

-
-

_ _ _ _ _

_
_ _



ions: H2+, resp. H2

_ _

H2 formation:  TBR with trapped H, or H+ + H → H2 + e+

proton-electron mass ratio	
μ	


p.s. : HD  would also be a very promising system, but ...
__ _

“the realization of an H2!optical clock, is much more challenging. Our accuracy estimates show that it may allow for 
tests of μ time variation at the 10−17/yr level, improving current limits by one order of magnitude. The main drawback 
of H2  is its light mass causing a larger second-order Doppler shift. On the plus side, this also leads to higher 
vibrational transition frequencies, allowing for better clock stability. Finally, a clock based on H2 would represent, like 
atomic hydrogen masers, a clock with a ʼcalculableʼ frequency, in this case providing a direct, 11-digit link from the SI 
second to the values of fundamental physical constants. Unlike H masers, however, an H2 clock would operate at 
optical wavelengths and benefit from many of the techniques developed for ion-based optical atomic clocks.

J.P. Karr et al., Journal of Physics: Conference Series 723 (2016) 012048

antiproton-positron mass ratio	
μ	

_

+

+

+

+

@ 10−17/yr level

H2 formation:  H2 photo-ionization? or ionization via ~50 eV e+?
→ H2 + e+

-
-

_ _ _ _ _

_
_ _



Outlook

such tests will require formation of antihydrogen-like 
systems like p"+, Ps, pp, H+, H2 (and very! much 
patience and ingenuity will be needed to get there...)

_

work towards ultra-cold H might open up other 
intriguing tests (gravity, spin-dependent forces, high 
sensitivity measurements of antiproton/positron mass 
ratio, gravity tests in purely baryonic or leptonic 
systems,...)

_

_ _

but

_ -



Indirect limits on EEP validity for antimatter systems
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  “Red shift type” argument”           R. J. Hughes et al., PRL 66,7 (1991)

6103 −⋅<ppα

G. Gabrielse et al PRL 82 (3198)
(1999) §The limit is model dependent

§Exact CPT is assumed

If matter and antimatter are coupled to the same tensor field
For anomalous interaction coupling to antimatter with 
                 REarth < range < Distance Earth-Sun

110−<ppα

Cyclotron frequency of p and pbar in the same magnetic field

SN1987ASN1987A
65 1010 −− −<ννα Neutrino-antineutrino arrival time differenceNeutrino-antineutrino arrival time difference

§§  Only one e detected, several caveats
§ Model dependent S. Pakvasa et al., Phys. Rev. D 39 (1989) 176

Virtual e+ e- pairs in the atomsVirtual e+ e- pairs in the atoms

WEP violation for e+                                    WEP violation for e+                                    mmII-m-mGG      should depend on Zshould depend on Z
610−

−+ <eeα

S.I. Schiff  PRL 1 254 (1958)The The ““Schiff argumentSchiff argument””

M. Nieto et al Phys. Rep. 205 (5) 221 (1991)

 M. Charlton et al Phys. Rep 241 65 (1994)
R. Hughes Hyp. Int.76 3 (1996)

§Several criticisms

§Uncorrected renormalization procedure…

Very stringent limits Very stringent limits CPLEAR coll. Phys. CPLEAR coll. Phys. LettLett. B 452 (1999) 425. B 452 (1999) 425K0    K0

149 1010
00

−− −<KKα Depending on the range of the anomalous interactionDepending on the range of the anomalous interaction


