
Stefan Meyer Institute for Subatomic Physics, Vienna

Low-energy antiprotons at 
CERN and at FAIR

Eberhard Widmann	


International Conference on Science and 

Technology for FAIR in Europe 2014	


Worms, Oct 15, 2014



S
te

fa
n 

M
ey

er
 In

st
itu

te

E. Widmann

Current source:  AD @ CERN

Antiproton 
 production 
CERN PS 
p 26 GeV 
5x107 p̅/shot
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AD @ CERN: start 2000

• All-in-one machine:	


• Antiproton capture	


• deceleration & cooling	


• 100 MeV/c (5.3 MeV)

• Pulsed extraction	


• 2-4 x 107 antiprotons per 

pulse of 100 ns length 	


• 1 pulse / 85−120 seconds
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New development: ELENA @ CERN-AD

• Decelerator after AD 5 MeV → 100 keV

4

Energy range, MeV 5.3 - 0.1

Intensity of ejected beam 1.8 

εx,y 4 / 4

∆p/p of extracted beam, [95%], standard 8·10

Operation from 2017 
for > 10 years

100 keV	


1 pulse every	


~100 s:	


average 105p/̄s
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AD & ELENA area and experiments
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ELENA

GBAR

ASACUSA

ALPHA
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Antihydrogen: CPT and gravity

• CPT symmetry tests	


• precision spectroscopy of H̅	


• 1S-2S, GS-HFS	


• ATRAP,  ALPHA, ASACUSA, 

AEgĪS	


• Laser spectroscopy of pH̄e+	


• ASACUSA	



• p ̄g-factor	


• ATRAP, BASE	


!

• Antimatter gravity	


• never directly measured	


• AEgĪS, GBAR, ALPHA	


!

   AD experiments
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HYDROGEN AND ANTIHYDROGEN

1s-2s
2 photon
λ=243 nm

Δf/f=10-14

Ground state
hyperfine splitting
f = 1.4 GHz
Δf/f=10-12
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ASACUSA Scientific project 

(1) Spectroscopy of pH̄e 

(2) p ̄annihilation cross-section 

(3) H̅ production and spectroscopy 

The H̅ team !
University of Tokyo, Komaba: K. Fujii, N. Kuroda, Y. Matsuda, M. 
Ohtsuka, S. Takaki, K. Tanaka, H.A. Torii 

RIKEN: Y. Kanai, A. Mohri, D. Murtagh, Y. Nagata, B. Radics, S. Ulmer, S. 
Van Gorp, Y. Yamazaki 

Tokyo University of Science: K. Michishio, Y. Nagashima 

Hiroshima University: H. Higaki, S. Sakurai 

Univerita di Brescia: M. Leali, E. Lodi-Rizzini, V. Mascagna, L. Venturelli, 
N. Zurlo 

Stefan Meyer Institut für Subatomare Physik: P. Caradonna, M. 
Diermaier, S. Friedreich, C. Malbrunot, O. Massiczek, C. Sauerzopf, K. 
Suzuki, E. Widmann, M. Wolf, J. Zmeskal 

!

ASACUSA CUSP COLLABORATION
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HFS MEASUREMENT IN AN ATOMIC 
BEAM

•formation in nested Penning trap
•atoms evaporate 
•cusp trap provides polarized beam
•spin-flip by microwave
•spin analysis by sextupole magnet
• low-background high-efficiency 
detection of antihydrogen 

9E.W. et al. ASACUSA proposal addendum CERN-SPSC 2005-002
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achievable resolution	


• better 10–6 for T ≤ 100 K	


• > 100 H̄/s in 1S state into 4π 

needed	


• event rate 1 / minute: background 

from cosmics, annihilations 
uptsreams

0
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Figure 4: Cross sectional view of the cusp trap with the sextupole spin analyzer and H̄ detector. Magnetic field lines
are superimposed around the cusp trap.

Figure 5: Nested Penning trap potential.

were observed in 2010 near the potential minima of the nested trap along the z axis when the H̄ synthesis
rate went down [14]. The observation strongly indicates that the H̄ formation period can be elongated by
keeping the axial kinetic energy of p̄s above the e+ potential energy. To realize this continuous mixing, we
invented a controlled heating scheme.

A new H̄ detector was designed and constructed. This consists of a BGO single crystal plate with its
diameter and thickness of 10 cm and 5mm respectively surrounded by five plastic scintillator plates. The H̄
detector was located at ∼ 2.7 m from the nested well region via the sextupole spin analyzer as is shown in
fig.4. The solid angle covered by the BGO crystal seen from the CUSP trap center was ∆Ω ∼ 4π × 10−4.
BGO scintillator was selected because of its larger stopping power for charged particles and smaller radiation
length for γ rays due to its high density and Z than the MCP used in 2011 at the cost of the annihilation
position information. Fig. 6 shows an example of secondary particle trajectories when H̄s annihilate on
the BGO crystal. It is expected that events of p̄/H̄ annihilation on the BGO detector surface can be easily
distinguished from those of energetic π±s produced upstream of the H̄ detector due to p̄/H̄ annihilations
and also those of cosmic rays if the deposition energy is measured in coincidence with hits on the plastic
scintillators surrounding the BGO detector. All output waveform of the PMT for the BGO crystal were
recorded by a fast waveform digitizer. Data analysis is in progress to identify events of H̄ annihilations on
the BGO detector.
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RECENT RESULTS

• H̄ BEAM OBSERVED 	


• n≲43: 6 events / 15 min	


• n≲29: 4 events / 15 min

• H BEAM HFS MEASUREMENT

10

of scheme 2, in total, 29 events in 2,100 s are detected, while
6 background events in 1,550 s are observed as well. The statistical
significance for scheme 2 becomes 3.0s (Z-value). This clearly

indicates that a significant fraction of the observed antihydrogen
atoms are in quantum states nt29. The expected antihydrogen
number per mixing cycle for schemes 1 and 2 is around 6 and 4,
respectively. Considering the fact that the total time per mixing
cycle is B15 min, the intensity values for schemes 1 and 2 are
estimated to be B25 and 16 per hour, respectively. It is noted
that the observed principal quantum numbers are upper
limits, constrained by the utilized field-ionization technique.
Further quantum state analysis as well as the investigation of
mechanisms for efficient de-excitation of Rydberg antihydrogen
will be the scope of future research activities. The latter
constitutes a significant, widely recognized challenge in the field
of antihydrogen research35–37.

In conclusion, we have developed a source for the in-flight
GS-HFS spectroscopy of antihydrogen. We detected a significant
fraction of antihydrogen atoms in quantum states below n¼ 29 at
2.7 m downstream of the production region. This opens the
way towards a variety of other attractive physics experiments
such as optical spectroscopy38,39 and studies of the weak
equivalence principle40,41.
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Figure 3 | Energy deposition by !H atoms and estimated number of !H
atoms. (a) Distributions of energy deposition in the BGO scintillator for
the double coincidence condition (see the text). The distributions are
normalized to one mixing cycle of 150 s. The unshaded histogram bordered
by the thick blue line is obtained from scheme 1. The total data
accumulation time was 4,950 s. The shaded histogram represents data
obtained from the background runs, in a total time of 1,550 s. A clear
difference is seen at energies higher than 40 MeV, indicating the
observation of antihydrogen atoms. (b) The number of integrated events as
a function of threshold energy, Eth, after subtraction of the background
events. Filled squares are for scheme 1, filled triangles for scheme 2. Errors
are propagated from the s.d. of the observed event numbers. (c) The
estimated number of antihydrogen atoms that reached the BGO scintillator.
The numbers are evaluated by calibrating the counts shown in b with
the detection probability as a function of Eth predicted by GEANT4
simulation.

Table 1 | Summary of antihydrogen events detected by the
antihydrogen detector.

Scheme 1 Scheme 2 Background

Measurement time (s) 4,950 2,100 1,550
Double coincidence events, Nt 1,149 487 352
Events above the threshold
(40 MeV), N440 99 29 6
Z-value (profile likelihood ratio) (s) 5.0 3.2 —
Z-value (ratio of Poisson means) (s) 4.8 3.0 —
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A source of antihydrogen for in-flight hyperfine
spectroscopy
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Antihydrogen, a positron bound to an antiproton, is the simplest antiatom. Its counterpart—

hydrogen—is one of the most precisely investigated and best understood systems in physics

research. High-resolution comparisons of both systems provide sensitive tests of CPT

symmetry, which is the most fundamental symmetry in the Standard Model of elementary

particle physics. Any measured difference would point to CPT violation and thus to new

physics. Here we report the development of an antihydrogen source using a cusp trap for

in-flight spectroscopy. A total of 80 antihydrogen atoms are unambiguously detected 2.7 m

downstream of the production region, where perturbing residual magnetic fields are small.

This is a major step towards precision spectroscopy of the ground-state hyperfine splitting of

antihydrogen using Rabi-like beam spectroscopy.
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AEgĪS COLLABORATION

11

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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AEGIS - Antimatter Experiment:  
Gravity, Interferometry, Spectroscopy
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Physics goals: measurement of the gravitational interaction between
matter and antimatter, H spectroscopy, ...

_
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•FREE FALL OF p ̄
• H̅ production at 100 mK
• resonant charge exchange with excited positronium
• acceleration of Rydberg H̅ by Starck effect
• pulsed production, measure TOF & position

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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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
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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
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Figure 3 | Comparison between photon and antiproton patterns. (a) The spatial positions of the detected antiprotons (blue dots) are compared with the
subsequently recorded light pattern (measured intensity indicated by the red shading). The Talbot–Lau fringe pattern provides the zero-force reference,
presented here for the same exemplary detector area with ten annihilations as in Fig. 2a. (b) The antiproton and light measurements are aligned by
overlaying the two patterns obtained with the contact grating. The result of this procedure is visualized on the right, where the annihilation positions
of all antiprotons are folded into an area of 80! 80mm2. The moiré and Talbot–Lau pattern depicted on the left, without any further alignment, can be
compared to determine a shift. (c) The data is projected onto the y axis for quantitative analysis. A relative shift between moiré and Talbot–Lau
pattern indicates that a force is present. The observed mean shift of 9.8 mm is consistent with a mean force of 530 aN.
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Figure 4 | Monte Carlo simulation. A detailed simulation study based on
the expected energy distribution of the antiprotons (see Methods) shows
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decreases. The measured fringe pattern exhibits a visibility of (71±10) %
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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

Aghion, S. et al. Nature Communications, 5, 4538 (2014)

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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FLAIR@ FAIR - Baseline Technical Report 2005

• High brightness low energy beams	


• two storage rings with 300 keV 
(LSR) and 20 keV (USR)	



• electron cooling	


• ε ~ 1 π mm mrad	


• Δp/p ~ 10–4 

• Storage rings with internal targets 
for collision studies

• Slow and fast extraction 

Factor  100  more  pbar  trapped  or    
stopped  in  gas  targets  than  now

Operation after ~2020?
14

• Ion traps	


• HITRAP facility for HCI & pbar

• Many new experiments possible
• same facilities can be used for HCI
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Antiprotons at FAIR

FLAIR

SIS 100 / 300

pbar production 
Capture and 
accumulation

deceleration

High Energy 
Storage Ring for 
Antitprotons 
(HESR): 0.8–15 GeV

pbar program 
in CDR

New low-energy 
facility

CR

NESR

HESR
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SPARC

FLAIR
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CRYRING@ESR: phase 1 of FLAIR

16

CRYRING @ ESR 

ESR 

CRYRING 

CRYRING has been delivered 
to GSI and is currently getting 
installed  

AP 
SPARC/FLAIR 
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Vision: antiprotons from CR/RESR?

17

Vision: Antiprotons from CR/RESR

• Current ESR experimental hall could be used for full FLAIR program	


• without accumulation rates are similar to ELENA
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Scenarios: p ̄rates in MSV from HESR

• Leftover from PANDA	


• few 109 per 60 min	


• decelerate & transfer to ESR	


• T. Katayama: 100s, 80% eff.	



• average 5x105/s	


• 5x107/s every100 s	


• similar to AD-ELENA	



• fast or slow extracted
• Low-energy p ̄production: full use of HESR	



• CR 13 Tm	


• ESR 10 Tm, but above transition energy	


• deceleration needed to avoid loss: HESR	


• T. Katayama: 	


• start with109 p ̄(stacking for 100s)	


• deceleration to 30 MeV in HESR&ESR: 8x108 p ̄/100 s	


• max. 1010 p ̄(stacking for 1000s): similar average rate

18

Dieter Prasuhn August 20, 2014 

D. Prasuhn

PRELIMINARY
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Low Energy Antiproton Physics @ FLAIR

FLAIR TDR - E. Widmann CAMOP - Physica Scripta 72, C51-C56 (2005)

19
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• Spectroscopy for tests of CPT and QED 
•Antiprotonic atoms (pbar-He, pbar-p),  

antihydrogen

• Atomic collisions 
•Sub-femtosecond correlated dynamics: ionization, 

energy loss, antimatter-matter collisions

Low Energy Antiproton Physics @ FLAIR

• Antiprotons as hadronic probes 
•X-rays of light antiprotonic atoms: low-energy QCD 
•X-rays of neutron-rich nuclei: nuclear structure  

(halo) 
•Antineutron interaction 
•Strangeness –2  production

• Medical applications: tumor therapy

FLAIR TDR - E. Widmann CAMOP - Physica Scripta 72, C51-C56 (2005)

19
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FLAIR day-1 experiments	


unique at FLAIR: slow p ̄extraction → hadron physics

• p ̄as probe of nuclear 
structure	


• halo structure of RI	


• nested Penning trap

20

M. Wada, Y. Yamazaki	


NIM B214 (2004) 196 

• hadron physics with 
stopped p	̄


• search for (deeply) bound 

baryonic matter with 
strangeness −1 and −2	



• needs 4π detector

J. Zmeskal et al.  Hyperfine Interact 194, 249-254 (2009) 
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Summary and Outlook
• Low energy antiprotons offer exciting possibilities for a 
variety of fields	


• Fundamental symmetries, nuclear & atomic physics

• CERN-AD and ELENA: Antihydrogen	


• essential for continuation of current program 	


• getting crowded

• FLAIR: offers further opportunities	


• continuous p ̄beams available from CRYRING	


• nuclear and particle physics type experiments (not possible at AD)	



• Availability of radioactive ion beams (RIB) offers new synergies	


• requires independent beam line from (S)FRS	



• Cooled antiprotons down to 20 keV (with USR)	


• higher rates (phase 2, with RESR)

• Major components of FLAIR are ready or will be soon	


• CRYRING can play a major role in future experiments with 

(continuous) beams of slow antiprotons
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