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ANTIMATTER ?
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 Motivation     Approach    Antimatter physics    Status&Results    
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Hydrogen Antihydrogen
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AND SO WHAT ?
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antimattermatter
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Energy
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In the beginning
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Possible answer but…

• The antimatter is somewhere 
else in the universe 

• Antimatter behaves 
differently than matter 

• No evidence of large amounts 
of antimatter out there 

• Yes we have seen some of 
this! But not enough..
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WHAT IS OUR APPROACH ?
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Approach: study   antimatter   to the finest details
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A LITTLE DIGRESSION TO THE CORE OF THINGS
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We want to test the fundamental CPT symmetry

?
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We want to test the fundamental CPT symmetry
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Universality of free fall  
(the Weak Equivalence Principle)

?

But how does antimatter fall?

? ?

? ?

?
?

We want to test universality of free fall
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The effect of gravity on antimatter, is it …

F=mg F=mg

• equal?

• stronger?

• weaker?

• opposite?

?
?
?
?
? ?
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AND HOW ?
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THE ANTIPROTON DECELERATOR

AEGIS

23

 Motivation    Approach   Antimatter physics    AEgIS   Status&Results   Developments   Future

 ALPHA 
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ATRAP

ALPHA

24

AEgIS 
(not in picture)

ASACUSA

BASE
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Ingredients:  

• Antiprotons (as many as possible) 
• Positrons (from your local Na22 source) 
• Liquid Helium 
• Ultra High Vacuum 
• Magnetic and electric fields 

Instructions: 
Perform all these steps in your particle trap. 

1. Create Ultra High Vacuum (for this, add the liquid Helium) 

2. Pour in and catch the antimatter (by using magnetic and electric fields) 

3. Let antiprotons and positrons blend and bind together 

4. Apply wanted actions to the resulting antihydrogen 

A TYPICAL ANTIHYDROGEN EXPERIMENT

25
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Antimatter research in the happening…



28Lillian Smestad (RCN/CERN)    CERN Teacher Programme for Norway            21st of February 2018

LETTER
doi:10.1038/nature09610

Trapped antihydrogen
G. B. Andresen1, M. D. Ashkezari2, M. Baquero-Ruiz3, W. Bertsche4, P. D. Bowe1, E. Butler4, C. L. Cesar5, S. Chapman3,
M. Charlton4, A. Deller4, S. Eriksson4, J. Fajans3,6, T. Friesen7, M. C. Fujiwara8,7, D. R. Gill8, A. Gutierrez9, J. S. Hangst1,
W. N. Hardy9, M. E. Hayden2, A. J. Humphries4, R. Hydomako7, M. J. Jenkins4, S. Jonsell10, L. V. Jørgensen4, L. Kurchaninov8,
N. Madsen4, S. Menary11, P. Nolan12, K. Olchanski8, A. Olin8, A. Povilus3, P. Pusa12, F. Robicheaux13, E. Sarid14, S. Seif el Nasr9,
D. M. Silveira15, C. So3, J. W. Storey8{, R. I. Thompson7, D. P. van der Werf4, J. S. Wurtele3,6 & Y. Yamazaki15,16

Antimatter was first predicted1 in 1931, by Dirac. Work with high-
energy antiparticles is now commonplace, and anti-electrons are
used regularly in themedical technique of positron emission tomo-
graphy scanning. Antihydrogen, the bound state of an antiproton
and a positron, has been produced2,3 at low energies at CERN (the
European Organization for Nuclear Research) since 2002.
Antihydrogen is of interest for use in a precision test of nature’s
fundamental symmetries. The charge conjugation/parity/time
reversal (CPT) theorem, a crucial part of the foundation of the
standard model of elementary particles and interactions, demands
that hydrogen and antihydrogen have the same spectrum. Given
the current experimental precision of measurements on the hydro-
gen atom (about two parts in 1014 for the frequency of the 1s-to-2s
transition4), subjecting antihydrogen to rigorous spectroscopic
examination would constitute a compelling, model-independent
test of CPT. Antihydrogen could also be used to study the gravita-
tional behaviour of antimatter5. However, so far experiments have
produced antihydrogen that is not confined, precluding detailed
study of its structure. Here we demonstrate trapping of antihydro-
gen atoms. From the interaction of about 107 antiprotons and
73 108 positrons, we observed 38 annihilation events consistent
with the controlled release of trapped antihydrogen from ourmag-
netic trap; themeasured background is 1.46 1.4 events. This result
opens the door to precision measurements on anti-atoms, which
can soon be subjected to the same techniques as developed for
hydrogen.
Charged particles of antimatter can be trapped in a high-vacuum

environment in Penning–Malmberg traps, which use axial electric
fields generated by hollow cylindrical electrodes and a solenoidal mag-
netic field to provide confinement. The ALPHA apparatus, located at
the Antiproton Decelerator6 at CERN, uses several such traps to accu-
mulate, cool and mix charged plasmas of antiprotons and positrons to
synthesize antihydrogen atoms at cryogenic temperatures. ALPHA
evolved from the ATHENA experiment, which demonstrated produc-
tion and detection of cold antihydrogen at CERN in 20022.
In addition to the charged particle traps necessary to produce anti-

hydrogen, ALPHA features a novel, superconducting magnetic trap7

(Fig. 1) designed to confine neutral antihydrogen atoms through inter-
action with their magnetic moments. The atom trap—a variation on
the Ioffe–Pritchard minimum-magnetic-field geometry8—comprises
a transverse octupole9,10 and two solenoidal ‘mirror’ coils, and sur-
rounds the interaction region where antihydrogen atoms are pro-
duced. In comparison with a quadrupole field (used in traditional
atom traps) producing an equal trap depth, the transverse field of an

octupole has been shown to greatly reduce the perturbations on
charged plasmas9,10. The liquid helium cryostat for the magnets also
cools the vacuum wall and the Penning trap electrodes; the latter are
measured to be at about 9K. Antihydrogen atoms that are formedwith
low enough kinetic energy can remain confined in the magnetic trap,
rather than annihilating on the Penning electrodes. The ALPHA trap
can confine ground-state antihydrogen atoms with a kinetic energy, in

1Department of Physics and Astronomy, Aarhus University, DK-8000 Aarhus C, Denmark. 2Department of Physics, Simon Fraser University, Burnaby, British Columbia V5A 1S6, Canada. 3Department of
Physics, University of California, Berkeley, California 94720-7300, USA. 4Department of Physics, SwanseaUniversity, Swansea SA28PP, UK. 5Instituto de Fısica, Universidade Federal do Rio de Janeiro, Rio
de Janeiro 21941-972, Brazil. 6Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA. 7Department of Physics and Astronomy, University of Calgary, Calgary, Alberta T2N 1N4, Canada.
8TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada. 9Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia V6T 1Z1, Canada.
10Fysikum, Stockholm University, SE-10691, Stockholm, Sweden. 11Department of Physics and Astronomy, York University, Toronto, Ontario M3J 1P3, Canada. 12Department of Physics, University of
Liverpool, Liverpool L697ZE,UK. 13Department of Physics, AuburnUniversity, Auburn, Alabama36849-5311,USA. 14Departmentof Physics,NuclearResearchCenterNEGEV,BeerSheva, IL-84190, Israel.
15Atomic Physics Laboratory, RIKEN, Saitama 351-0198, Japan. 16Graduate School of Arts and Sciences, University of Tokyo, Tokyo 153-8902, Japan. {Present address: Physik-Institut, Zürich University,
CH-8057 Zürich, Switzerland.
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Figure 1 | The ALPHA central apparatus and mixing potential.
a, Antihydrogen synthesis and trapping region of the ALPHA apparatus. The
atom-trap magnets, the modular annihilation detector and some of the
Penning trap electrodes are shown. An external solenoid (not shown) provides
a 1-Tmagnetic field for the Penning trap. The drawing is not to scale. The inner
diameter of the Penning trap electrodes is 44.5mm and the minimum-
magnetic-field trap has an effective length of 274mm. Each silicon module is a
double-sided, segmented silicon wafer with strip pitches of 0.9mm in the z
direction and 0.23mm in the w direction. b, The nested-well potential used to
mix positrons and antiprotons. The blue shading represents the approximate
space charge potential of the positron cloud. The z position ismeasured relative
to the centre of the atom trap.
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CATCHING ANTIMATTER
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THE AEGIS WAY
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@AD in September/October 2002

ATHENA  (Nature 419(2002) 456)
ATRAP (PRL 89 (2002) 213401)

FIRST COLD ANTIHYDROGEN

http://www.nature.com/nature/journal/v419/n6906/full/nature01096.html
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.89.213401
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ALPHA (Nature 468 (2010) 673)

LETTER
doi:10.1038/nature09610

Trapped antihydrogen
G. B. Andresen1, M. D. Ashkezari2, M. Baquero-Ruiz3, W. Bertsche4, P. D. Bowe1, E. Butler4, C. L. Cesar5, S. Chapman3,
M. Charlton4, A. Deller4, S. Eriksson4, J. Fajans3,6, T. Friesen7, M. C. Fujiwara8,7, D. R. Gill8, A. Gutierrez9, J. S. Hangst1,
W. N. Hardy9, M. E. Hayden2, A. J. Humphries4, R. Hydomako7, M. J. Jenkins4, S. Jonsell10, L. V. Jørgensen4, L. Kurchaninov8,
N. Madsen4, S. Menary11, P. Nolan12, K. Olchanski8, A. Olin8, A. Povilus3, P. Pusa12, F. Robicheaux13, E. Sarid14, S. Seif el Nasr9,
D. M. Silveira15, C. So3, J. W. Storey8{, R. I. Thompson7, D. P. van der Werf4, J. S. Wurtele3,6 & Y. Yamazaki15,16

Antimatter was first predicted1 in 1931, by Dirac. Work with high-
energy antiparticles is now commonplace, and anti-electrons are
used regularly in themedical technique of positron emission tomo-
graphy scanning. Antihydrogen, the bound state of an antiproton
and a positron, has been produced2,3 at low energies at CERN (the
European Organization for Nuclear Research) since 2002.
Antihydrogen is of interest for use in a precision test of nature’s
fundamental symmetries. The charge conjugation/parity/time
reversal (CPT) theorem, a crucial part of the foundation of the
standard model of elementary particles and interactions, demands
that hydrogen and antihydrogen have the same spectrum. Given
the current experimental precision of measurements on the hydro-
gen atom (about two parts in 1014 for the frequency of the 1s-to-2s
transition4), subjecting antihydrogen to rigorous spectroscopic
examination would constitute a compelling, model-independent
test of CPT. Antihydrogen could also be used to study the gravita-
tional behaviour of antimatter5. However, so far experiments have
produced antihydrogen that is not confined, precluding detailed
study of its structure. Here we demonstrate trapping of antihydro-
gen atoms. From the interaction of about 107 antiprotons and
73 108 positrons, we observed 38 annihilation events consistent
with the controlled release of trapped antihydrogen from ourmag-
netic trap; themeasured background is 1.46 1.4 events. This result
opens the door to precision measurements on anti-atoms, which
can soon be subjected to the same techniques as developed for
hydrogen.
Charged particles of antimatter can be trapped in a high-vacuum

environment in Penning–Malmberg traps, which use axial electric
fields generated by hollow cylindrical electrodes and a solenoidal mag-
netic field to provide confinement. The ALPHA apparatus, located at
the Antiproton Decelerator6 at CERN, uses several such traps to accu-
mulate, cool and mix charged plasmas of antiprotons and positrons to
synthesize antihydrogen atoms at cryogenic temperatures. ALPHA
evolved from the ATHENA experiment, which demonstrated produc-
tion and detection of cold antihydrogen at CERN in 20022.
In addition to the charged particle traps necessary to produce anti-

hydrogen, ALPHA features a novel, superconducting magnetic trap7

(Fig. 1) designed to confine neutral antihydrogen atoms through inter-
action with their magnetic moments. The atom trap—a variation on
the Ioffe–Pritchard minimum-magnetic-field geometry8—comprises
a transverse octupole9,10 and two solenoidal ‘mirror’ coils, and sur-
rounds the interaction region where antihydrogen atoms are pro-
duced. In comparison with a quadrupole field (used in traditional
atom traps) producing an equal trap depth, the transverse field of an

octupole has been shown to greatly reduce the perturbations on
charged plasmas9,10. The liquid helium cryostat for the magnets also
cools the vacuum wall and the Penning trap electrodes; the latter are
measured to be at about 9K. Antihydrogen atoms that are formedwith
low enough kinetic energy can remain confined in the magnetic trap,
rather than annihilating on the Penning electrodes. The ALPHA trap
can confine ground-state antihydrogen atoms with a kinetic energy, in

1Department of Physics and Astronomy, Aarhus University, DK-8000 Aarhus C, Denmark. 2Department of Physics, Simon Fraser University, Burnaby, British Columbia V5A 1S6, Canada. 3Department of
Physics, University of California, Berkeley, California 94720-7300, USA. 4Department of Physics, SwanseaUniversity, Swansea SA28PP, UK. 5Instituto de Fısica, Universidade Federal do Rio de Janeiro, Rio
de Janeiro 21941-972, Brazil. 6Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA. 7Department of Physics and Astronomy, University of Calgary, Calgary, Alberta T2N 1N4, Canada.
8TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada. 9Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia V6T 1Z1, Canada.
10Fysikum, Stockholm University, SE-10691, Stockholm, Sweden. 11Department of Physics and Astronomy, York University, Toronto, Ontario M3J 1P3, Canada. 12Department of Physics, University of
Liverpool, Liverpool L697ZE,UK. 13Department of Physics, AuburnUniversity, Auburn, Alabama36849-5311,USA. 14Departmentof Physics,NuclearResearchCenterNEGEV,BeerSheva, IL-84190, Israel.
15Atomic Physics Laboratory, RIKEN, Saitama 351-0198, Japan. 16Graduate School of Arts and Sciences, University of Tokyo, Tokyo 153-8902, Japan. {Present address: Physik-Institut, Zürich University,
CH-8057 Zürich, Switzerland.
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Figure 1 | The ALPHA central apparatus and mixing potential.
a, Antihydrogen synthesis and trapping region of the ALPHA apparatus. The
atom-trap magnets, the modular annihilation detector and some of the
Penning trap electrodes are shown. An external solenoid (not shown) provides
a 1-Tmagnetic field for the Penning trap. The drawing is not to scale. The inner
diameter of the Penning trap electrodes is 44.5mm and the minimum-
magnetic-field trap has an effective length of 274mm. Each silicon module is a
double-sided, segmented silicon wafer with strip pitches of 0.9mm in the z
direction and 0.23mm in the w direction. b, The nested-well potential used to
mix positrons and antiprotons. The blue shading represents the approximate
space charge potential of the positron cloud. The z position ismeasured relative
to the centre of the atom trap.
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@AD in November 2010
TRAPPING OF ANTIHYDROGEN
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ALPHA (Nature 483 (2012) 439)

@AD in March 2012

⇒

⇒
MICROWAVE SPECTROSCOPY OF ANTIHYDROGEN

Nomenclature:
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ASACUSA (Nature Com. 5 (2014) 3089)

Sextupole
Magnet

Microwave 
Cavity H Det.

p

e+

Cusp trap

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

Spin-polarized beam

Defocusing of high-field seeking states

2.7 m downstream

33

@AD in January 2014
A BEAM OF ANTIHYDROGEN
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ALPHA (Nature 541 (2016) 506–510) 

34

@AD in December 2016
LASER EXCITATION OF ANTIHYDROGEN

e+

p

e+

p

!
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AND THERE WILL BE MORE TO COME …



SUMMARY

Antimatter is the twin of matter, with opposite electric charge 

Where all the antimatter has gone is one of the biggest mysteries of physics 

There is a difference between the behaviour of matter and antimatter,  
but not enough to explain the universe 

We are studying antimatter as precisely as we can and comparing it to matter; 
probing fundamental symmetries of nature 

The CERN Antimatter Factory is currently hosting five experiments 

Antihydrogen research at CERN covers a wide range (atomic physics, gravity, 
nuclear physics, plasma physic, cosmology, material science)  
 

                                          Requires modest resources but much patience & time 

The research is moving forward: exciting to see what will be revealed about the 
nature of antimatter in the coming years

Thank you for your attention!
36
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ANTIHYDROGEN PRODUCTION

1) Three-body recombination (“mixing”) 
➤ Populations mixed in a trap 
➤ High expected rate, !=10-7cm2 @1K, n>>10 
➤ Long-duration process 
 
2) Charge exchange 
➤ Positronium submitted onto trapped p cloud 
➤ ! = a0n4Ps, ! = 10-9 cm2 @1K, n given by nPs, temperature given by the antiproton 

➤ Small solid angle ⇒ low rate 

➤ More narrow and well-defined quantum state distribution 
➤ Demonstrated by ATRAP with Cesium (PRL 93 (2004) 263401)

p+ Ps ! H + e�

p+ e+ + e+ ! H + e+

Two approaches: 

p e+

40

pe+

e-

Ps
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1928: Relativistic equation of the electron with spin ½  (Dirac) 
1932: Discovery of positrons in cosmic rays (Anderson) 
1955: Bevatron discovery of antiproton (Segrè, Chamberlain, Wiegand) 
1956: Bevatron discovery of antineutron (Cork, Lambertson, Piccioni, Wenzel) 
1964: Discovery of CP violation in neutral K-mesons (Cronin, Fitch) 
1978: First antiproton trapping (CERN) 
1981: First proton-antiproton collisions (CERN) 
1995: Antihydrogen synthesis at high energy (CERN)  
2002: Synthesis of cold antihydrogen (ATHENA, ATRAP)  
2011: Magnetic confinement of antihydrogen (ALPHA)  
2013: Beam of antihydrogen (ASACUSA) 
2016: Laser spectroscopy of antihydrogen (ALPHA) 

BRIEF HISTORY OF ANTIMATTER PHYSICS
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The sub-THz direct spectroscopy of positronium

hyperfine splitting

A Miyazaki1, T Yamazaki1, T Suehara1, T Namba1, S Asai1, T
Kobayashi1, H Saito2, Y Tatematsu3, I Ogawa3 and T Idehara3
1Department of Physics, Graduate School of Science, and International Center for Elementary
Particle Physics (ICEPP), the University of Tokyo, 7-3-1, Hongo, Bunkyo-ku, Tokyo, Japan
2Institute of Physics, Graduate School of Arts and Sciences, the University of Tokyo, 3-8-1,
Komaba, Meguro-ku, Tokyo, Japan
3Research Center for Development of Far-Infrared Region, University of Fukui (FIR-FU),
3-9-1, Bunkyo, Fukui-shi, Fukui, Japan

E-mail: miyazaki@icepp.s.u-tokyo.ac.jp

Abstract. The positronium hyperfine splitting is a good target to study Quantum
Electrodynamics in the bound state. There is a discrepancy between precision measurements
and a theoretical calculation. We are planning to directly measure the positroinum hyperfine
structure for the first time. A gyrotron oscillator is used as a novel radiation source in terahertz
region. A Fabry-Pérot resonator is also developed to increase photon density. We have already
observed the direct transition at 202.9 GHz. The direct measurement of the order of 100 ppm
will be performed within about a year.

1. Introduction

Figure 1. Discrepancy of Ps-HFS.
Figure 2. Schematic of the direct transition
between Ps-HFS levels.

The hyperfine splitting of ground-state positronium (Ps-HFS) is a notable physics quantity
to study Quantum Electrodynamics (QED) in the bound state. Some measurements of Ps-HFS
were performed in 1980s. Precise calculations have been developed recently. The average of
previous two experiments is 203.388 65(67) GHz (3.3 ppm) [1][2], whereas the theoretical value

POSITRONIUM

+, ,

State Spin configuration Name Lifetime Decay

11S para-positronium (p-Ps) 125 ps 2! 
13S ortho-positronium (o-Ps) 142 ns 3!

➤ Cold Ps needed (~75-150 K) 
➤ Deep implantation = high e+ energy  

➤ Tune nano-channel dimension:  
tune Ps temperature (Ø5-14 nm) 

➤ High Ps formation rate

The current AEgIS e+→Ps converter: nano-channeled silicon target
S. Mariazzi et al., Phys. Rev. B 78 (2008) 085428
S. Mariazzi et al., Phys. Rev. B 81 (2010) 235418

Up to 40% ortho-Ps conversion efficiency! 

��

��
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e+

e-



MOIRÉ DEFLECTOMETER

 EM deflection of antiprotons: Δy = 9.8 ± 0.9 (stat.) ± 6.4 (syst.) µm E.#Widmann

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 ¼ Fk
m

t2 ¼ at2; ð1Þ

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

ffiffiffiffi
N
p

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

ffiffiffiffi
N
p" #

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

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

Light interference

Matter moiréa b

c

40 µm

25 mm

25 mm

Moiré Contact

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

M. Kimura on behalf of the AEgIS 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 AEgIS 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 'g/g by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few Pm to achieve the 1% goal. 

 The AEgIS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 Pm. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AEgIS, 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 (Pm 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 Pm3) 

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 AEgIS detectors. Right: 'g/g vs. number of  
particles for a position sensitive detector resolution of 1 Pm (red) and 10 Pm (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/c  pion� 

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 Pm 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 Pm 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 Pm slit, 40 Pm 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 Pm 

Reference 
C. Amsler et al.,  ‘A  new  application  of  emulsions  to  measure  the  
gravitational force on antihydrogen’.,  JINST  (in  press), 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 Pm 

1 Pm 

10 Pm 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 Pm (red) and 10 Pm (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 5.3 MeV 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" 14 m,
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 (25 mm 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 d¼ 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" 5 mbar) 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
l¼ 640 nm, the Talbot distance is LTalbot¼ 2d2/lE5 mm. Thus,
for our setup (L¼ 25 mm), 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 1 mm2. 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! 6 mm2 since the data collapses onto one fringe by
taking the detected position modulo the extracted periodicity d of
the pattern. To extract the periodicity, we employ the Rayleigh
test23 that is also widely used in astronomy24. The periodicity d
and the relative rotation a of the pattern is found by maximizing

Z2 ¼ 2
n

Xn

i¼1

sin
2p
d
# yi

! " !2

þ
Xn

i¼1

cos
2p
d
# yi

! " !2" #

; ð2Þ

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

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

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

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

This observation is consistent with independent systematic
studies of the distortion of emulsions on this large scale25. It is
important to realize that this angle implies an intrinsic systematic

H
its

0 d/2
y position

d
0

10

20

30

40

50

Moiré Contact

0 0.2 0.4 0.6 0.8 1
x position (mm)

0

0.2

0.4

a b

c0.6

0.8

1

y 
po

si
tio

n 
(m

m
)

0 40 80 120
0

40

80

120

y 
po

si
tio

n 
(µ

m
)

x position (µm)
0 40 80 120

0

40

80

120

y 
po

si
tio

n 
(µ

m
)

x position (µm)

9.8 µm

An
tip

ro
to

ns

Li
gh

t

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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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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The goal of the AEgIS 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 'g/g by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few Pm to achieve the 1% goal. 

 The AEgIS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 Pm. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AEgIS, 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 (Pm 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 Pm3) 

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 AEgIS detectors. Right: 'g/g vs. number of  
particles for a position sensitive detector resolution of 1 Pm (red) and 10 Pm (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/c  pion� 

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 Pm 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 Pm 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 Pm slit, 40 Pm 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 Pm 

Reference 
C. Amsler et al.,  ‘A  new  application  of  emulsions  to  measure  the  
gravitational force on antihydrogen’.,  JINST  (in  press), 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 Pm 

1 Pm 

10 Pm 

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

MC 

Phase (rad) 

OVC 
UHV 

Thin metal window 
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AEgIS, Nature Communications 5 (2014) 4538

Mini-moiré deflectometer:  
L=25mm, slit=12µm, pitch=40µm, 100µm thick gratings  

➤ Tested 2012 in the AEgIS antiproton beam line, Ep~100keV 
➤ Measured with emulsion detector (next slide)
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Mini-moiré deflectometer

A proof-of-principle measurement
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ULTRACOLD ANTIHYDROGEN

P. Yzombard et al., PRL 114 (2015) 213001

Final goal: T ~100 mK, 1st phase T ~ 7 K
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Sympathetic cooling of antiprotons

… by collisions with laser-cooled anions (Os-, La-, Ce-)  
or negative molecules (C2-)
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��

��

reflection mode production 

to
 on-axis transmission mode production

 Change from

p

2cm

0,12cm

Likely to result in an improvement of H production

Possible bonus (if antiprotons cold enough): Remove the need for Stark acceleration of antihydrogen?

Emission pattern
Thermalisation

Distance to antiproton cloud
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ON-AXIS PS PRODUCTION

Depends on
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AEgIS

ALPHA
ASACUSA

ATRAP 
I & II

ELENA

Two main challenges: colder / more antiprotons
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THE AEGIS EXPERIMENT

ELENA

ATRAP 
I & II

ALPHA
ASACUSA

GBAR BASE

Space for future (anti)atomic 
physics experiments

AEgIS

From 2017: new low energy p decelerator ELENA.
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ELENA

➤ Dramatically slows down the antiprotons from the AD 

➤  Increases the trapping efficiency x 100 

➤ Allows 4 experiments to run in parallel 

➤ Allows new experiments to come in 
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