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H formation region:
_

Program for 2020: Ps & upgrades

1) Ps: work towards laser-cooling of Ps

2) Upgrades:

optimization of the Ps source and laser system

first Doppler-free saturated absorption spectroscopy of Ps on 13S-33P

concurrent Ps laser excitation / probing

position-sensitive detector: for Ps studies (but also for H)

zone layout:

adapting to ELENA:

a)

b)
_



towards laser-cooling of Ps
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first however: establish a Doppler-sensitive detection method
in parallel: develop kinetic MC for Ps in E,B,laser fields

13S-23P

13S-33P
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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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wave atom interferometer [8] to measure their vertical
displacement with a position-sensitive detector. Grav-
ity (or any other force acting on the atoms) can then be
worked out if the average velocity of the atoms is known
[3, 8].

All the suggested schemes involve laser excitation to
long-lived excited states to overcome the lifetime limita-
tion of the 13S ground state (142 ns) where Ps is nor-
mally produced. An e↵ective and widely adopted choice
consists in laser-exciting the atoms to the Rydberg lev-
els, where lifetimes spanning from tens of s up to several
ms can be obtained [9, 10]. Atoms in Rydberg states are,
in general, sensitive to electric field gradients [11] which
can modify their trajectories. This is due to their large
electrical polarizability (up to ⇠ 10�32 Cm2 V�1 for Ps
in n = 15) [12, 13]. Ps Rydberg sublevels with large elec-
trical dipole can be guided and focused [12, 13] while the
selective excitation to sublevels with low dipole moment
has been proposed [14] as a method to minimize the de-
flection of Rydberg Ps in interferometric measurements
with physical gratings [15].

An alternative way to produce a beam of long-lived Ps
with lower electrical polarizability (⇠ 10�38 Cm2 V�1)
consists in laser exciting the atoms to their 23S
metastable level [15], whose lifetime is 1.14 s in vac-
uum and in the absence of electric field [16]. A beam
of 23S Ps atoms (of known average velocity) has been
shown to be suitable for improving the inertial sensitiv-
ity in proposed matter-wave interferometric layouts [8].
Moreover, the availability of 23S Ps with average veloc-
ity < 105 ms�1 would allow keeping the interferometer
compact in length (L . 1m), thus easing the control of
thermal and vibrational noise [17].

Producing fast 23S Ps with energies of several eV has
already been demonstrated via e+ collisions with solid
[18–20] or gaseous targets [21, 22]. 23S Ps atoms with
a beam Maxwellian distribution at around 600 K (av-
erage speed > 1.4 · 105 ms�1) were also produced via
Doppler-free two photon excitation of ground-state atoms
of Ps desorbed from metallic surfaces [23–25] and 13S–
23S two photon excitation of Ps emitted from porous sil-
icon [26]. Production of 23S Ps via single photon excita-
tion of ground-state atoms to mixed 23S–23P in electric
fields [15] and the single photon excitation of ground-
state atoms to 33P levels with subsequent radiative decay
to 23S [16] have been recently demonstrated. The reduc-
tion of the 23S lifetime in electric fields due to Stark
mixing has also been studied [16].

In the present work we investigate the feasibility of a
source of metastable 23S Ps with defined and tunable
velocity in the absence of electric field. The 23S level
is populated by spontaneous radiative decay of laser-
excited 33P Ps atoms. The tuning of the 23S Ps velocity
is achieved by varying the delay of the 13S–33P excitation
pulse between 20 ns and 65 ns from the e+ implantation
time in a nanochannelled silicon e+–Ps converter [27],

thus selecting Ps populations emitted after di↵erent per-
manence times in the target [28, 29] and consequently
with di↵erent velocities [30, 31].
In our experiment, Ps is formed when ⇠ 7 ns bursts

of ⇠ 107 e+, prepared in the AEḡIS e+ system (see
[16, 32, 33] for a detailed description of the apparatus)
are electro-magnetically transported and implanted at
3.3 keV into a Si (111) p-type crystal where nanochan-
nels were previously produced via electrochemical etch-
ing and thermal oxidized in air [16, 33]. Ps produced in-
side the converter out-di↵uses into vacuum through the
nanochannels loosing a fraction of its emission energy by
collision with the walls. The Si target was kept at room
temperature and e+ were implanted into it with a spot of
⇠ 3mm in size. Measurements previously performed on
identical e+–Ps converters indicated a wide angular emis-
sion of Ps from the nanochannels [16, 33]. A schematic
of the experimental chamber is illustrated in Fig. 1.

Figure 1: Schematic of the experimental chamber with
example Monte Carlo in-flight and collision annihilation
distributions for an 13S Ps population (light and dark
red dots) and for a 23S Ps population (yellow and blue
dots). The line-shaped annihilations distribution of 23S

atoms is due to the UV laser Doppler selection.

In the target region, e+ are guided by a 25mT mag-
netic field and focused by an electrostatic lens formed by
the last electrode of the transfer line set at �3000V and
the target kept at ground potential (see Fig. 1 for the ge-
ometry), inducing an electric field of about 300V cm�1

in front of the converter. Since this electric field shortens
considerably the 23S lifetime [13, 16], for the present mea-
surements the focusing electrode was switched o↵ ⇠ 5 ns
after the e+ implantation using a fast switch with a rise
time of ⇠ 15 ns (from �3000V to 0V).
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first however: establish a Doppler-sensitive detection method

many improvements to the laser system (concurrent burst mode,
independent control of timing & detuning, calibration to << 10 pm)
and to the Ps target (optimized procedure for maximal yield - 40% - 
and Ps thermalization - 300 K)

characterization of the transverse velocity distribution of Ps by SSPALS
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first Doppler-free spectroscopy of the Ps 13S-33P transition
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concurrent Ps 13S-23P and 13S-33P laser excitation: towards Ps laser cooling
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H formation region:
_

Program for 2020: Ps & upgrades

1) Ps: work towards laser-cooling of Ps

2) Upgrades:

optimization of the Ps source and laser system

first Doppler-free saturated absorption spectroscopy of Ps on 13S-33P

concurrent Ps laser excitation / probing

position-sensitive detector:

zone layout:

adapting to ELENA:

a)
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Zone layout
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Layout of the zone

Zone layout

4m

p from ELENA
_

move downstream by 50 cm

dismantle

removeremove

 install

re-assemble
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Figure 8: Positron area with possible footprint of the new Aegis laser room 

2.4.2.2 Storage Area above ATRAP Laser Room 

The large storage platform (S3-G22, see Figure 7 and 9) over ATRAP laser room will be 
re-allocated to ASACUSA and BASE-STEP on a shared basis, with some reserve space 
for a possible later experiment taking the location of ATRAP 2 (see Figure 9).  

 

Figure 9: Storage platform and possible new access 
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status on Dec 19th

Bending electrode

Quadrupoles

Position of “AD” gate valve

Connection to ELENA
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 pulsed production of H (former geometry)
_

alignment (trap,B)

Ps* moves transverse to B
distance of travel of Ps*
sensitivity of p to geometry

_limitations:

Pulsed production of H, S. Aghion et al., Comm. Phys. 2020 (in press)
_
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• increased numbers of antiprotons from ELENA → scales ~ linearly

• transverse target → limit to n(Ps*) through motional Stark effect (ionization)  

_

improved target:   more/slower Ps 
on-axis geometry: higher n(Ps*)

unchanged: (variable thickness) degrader procedure, with
of course a much thinner degrader (few 100 nm ~ 1 µm)
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 pulsed production of H (new geometry)
_
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 modifications required for 100 keV p
_

• need to degrade p energy from 100 keV to < 10 keV

• need to monitor beam spot (formerly 50 µm Si pixel detector)

_

lowest Z material: parylene N, can be made in 100 nm thin foils 

main degrader and  
beam position monitor  
(1500 nm + 10 nm Al)

final degrader and  
Faraday cup  
(100 nm + 10 nm Al)

overall thickness required: 
1900 nm Parylene N (C8H8) 
thin metalization: 20 nm Al

p from ELENA
_

Geant4 simulations:

segmented zones via metal-vapor deposition
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 modifications required for 100 keV p
_

rebuild complete entrance region to improve reliability
and to minimize thermal load to the inside traps 
(production has started and will take 2 months) 

Degrader / BPM holder 
(1500 nm + 100 nm)

variable thickness degrader holder

MCP

mirror for MCP

actuators for MCP, degrader



Conclusion and outlook

Building on Ps experimental physics program in 2019, work on Ps 
continued for around 6 months of 2020: 
→ first results on Doppler-free measurement of Ps 13S-33P transition;
     close to establishing laser-cooling of Ps 

Covid-19 has had a major impact on our program in 2020, resulting 
in delays on several fronts, which we have attempted to mitigate

In parallel: redesigns, modifications and improvements to the apparatus 
and the experimental area (with the potential for major improvements / 
gains) are being implemented, and will keep us busy for the next 6 months

request for 2021: pro-rata access to ELENA (in parallel running mode)

We expect to be ready for p beam by its scheduled arrival in August
_

Goal for 2021: reestablish all steps for pulsed antihydrogen production in 
AEgIS & pursue work with Ps towards a pulsed beam of metastable Ps

_



End of slides


