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Experiments on antimatter at CERN



1) Measurement of the gravitational behavior of antimatter

tests of the Weak Equivalence Principle 

What measurements are we talking about?

2) Precise spectroscopic comparison between H and H
_

3) related measurements in antihydrogen(-like) systems

antiprotonic helium, positronium, protonium, ...

tests of fundamental symmetry (CPT)



Motivation: WEPGravity...

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

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

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

• General relativity is a classical (non quantum) theory

• EEP violations may appear in some quantum theory

• New quantum scalar and vector fields are allowed in some models (KK)

• Such fields may mediate interactions violating the equivalence principle

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

M. Nieto and T. Goldman, Phys. Rep. 205,5  221-281 (1992)

Einstein field: tensor graviton (spin 2, “Newtonian”)
+ Gravi-vector (spin 1)
+ Gravi-scalar (spin 0)



Motivation: CPT
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E. Widmann

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

• Spontaneous Lorentz symmetry breaking by (exotic) string vacua

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

CPT & Lorentz violation

Lorentz violation

Modified Dirac eq. in SME

45

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

Phys. Rev. D 55, 6760–6774 (1997)

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

CPT...



Motivation: CPT

Goal of comparative spectroscopy: test CPT symmetry
S

te
fa

n
 M

e
y
e
r 

In
s
ti
tu

te

E. Widmann

Hydrogen and Antihydrogen

1s-2s

2 photon

!=243 nm

"f/f=10-14

Ground state

hyperfine splitting

f = 1.4 GHz 

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

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



Experiments at the AD
(antiprotons and antihydrogen)

Spectroscopy Gravity

AEgIS GBAR

ALPHA

Symmetries

BASE

...Matter-Antimatter
interactions

ACE

Antimatter
manipulations

...

ASACUSA

ATRAP
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In a magnetic field, charged particles follow cyclotron orbits: 

Add an electrical potential well V0

(d = trap dimension):

c
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z

More generally: motion in Penning trap:
strong homogeneous axial magnetic field to 
confine particles radially and a quadrupole 
electric field to confine the particles axially
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O(100 MHz) O(1 MHz) O(10 kHz)

2 - qV0 /md2

http://gabrielse.physics.harvard.edu/gabrielse/papers/1990/1990_tjoelker/chapter_2.pdf

ATRAP & BASE 

http://gabrielse.physics.harvard.edu/gabrielse/papers/1990/1990_tjoelker/chapter_2.pdf


ATRAP & BASE 

All measured antiproton-to-H− cyclotron frequency ratios as a function of time

cyclotron line.
DiSciacca, J. et al. One-particle measurement of the antiproton 
magnetic moment. Phys. Rev. Lett. 110, 130801 (2013)

μp/μp = −1.000 000±0.000 005 (2013)

spin line

S. Ulmer. et al. Nature 524,196–199 (13 August 2015)

(q/m)p /(q/m)p −1 = 1(69) x 10-12 (2015)¯
¯

µp = 2.792 847 350 0 (90)

C. Smorra et al., BASE collaboration, 
Nature 550, 371–374 (19 October 2017)

ATRAP:
BASE:

BASE: µp = -2.792 847 344 1 (42) (2017)¯
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Exotic atom formation

• stopping of 
negatively charged 
particles in matter
• slowing down by 

ionization (normal 
energy loss)

• end when kinetic 
energy < ionization 
energy

• capture in high-lying 
orbits with n~!(M*/me) 

example: antiprotonic helium

Neutral pHe
_ +
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ASACUSA results (pHe+ spectroscopy)
By comparing the calculated and experimental pHe+ 
frequencies, the ratio Mp/me can in principle be 
determined to a fractional precision of <1 × 10−10 

M. Hori et al., 
Science 04 Nov 2016: Vol. 354, Issue 6312, pp. 610-614
DOI: 10.1126/science.aaf6702 

_

_

Combining with ATRAP/BASE:

Δ(mp,mp), Δ(qp,qp)  < 5 × 10−10 (90% CL) _ _



Antihydrogen production processes

γ
e+

10 ~10  p
_5 7

10 ~10  e
8 10

e-
Ps*

Resonant charge exchange3-body recombinationradiative recombination
TBR: RCE:

very low rate

+



Antihydrogen production processes

e+

Rate ~ Rate (trappable) Rate ~ Rate (nPs,vPs)

Temperature
(Te+)

Temperature

e+

p
_

n (if trapped) n (if trapped or slow)

e-
Ps*

Tp
_

Resonant charge exchange3-body recombination
TBR: RCE:

ALPHA
ATRAP
ASACUSA

AEgIS
GBAR



e+

p
_

G. B. Andresen et al., Nature 468, 673–676 (02 December 2010)

(TH <0.5K)
_

ALPHA: antihydrogen formation & trapping

3-body recombination

vH ~ ve+ (TH >> Te+)
_ _

continuous process

trapping in B-field gradient



ALPHA results (trapping, 1s-2s spectroscopy)
M. Ahmadi et al., Nature 541, 506–510 (26 January 2017)G. B. Andresen et al., Nature 468, 673–676 (02 December 2010)

further results: 

q(H) < 0.71 x 10-9 e
_

surviving fraction: 58% ± 6%

trapping of ~ 10 H simultaneously (similar for ATRAP)
_

1s-2s to 10-10

Nature volume 529, pages  373–376
(21 January 2016) doi:10.1038/nature16491



ALPHA: antihydrogen hyperfine splitting

HFSH = 1,420.4 ± 0.5 MHz

M. Ahmadi et al., Nature 548, 66–69 (03 August 2017)

_



M. Ahmadi et al., Nature 557, 71–75 (2018)

ALPHA: antihydrogen precision spectroscopy

initial population 50:50 1Sc and 1Sd

count 1Sd  population: 2𝛾 excite into 2Sd

• photo-ionize 2Sd with 3rd 𝛾
• decay into (untrapped) 1Sa, 1Sb 

count 1Sc  population: µwave into 1Sb

count remaining 1Sd  population: dump

1S-2S to 10-12

-300 -200 -100 0 100 200 300
Detuning (kHz at 243 nm)



intermediate summary...



Motivation: CPT

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

Absolute energy scale: standard model extension (Kostelecky)

CPT test
of strong 

interaction

CPT test
of EM 

interaction

absolute accuracy (GeV)

relative accuracy
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Motivation: CPT

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

Absolute energy scale: standard model extension (Kostelecky)

absolute accuracy (GeV)

relative accuracy

10 10 10 10 10 10 10 10 10 10-27 -24 -21 -18 -15 -12 -9 -6 -3 0

10-27 10-24 10-21 10-18 10-15 10-12 10-9 10-6 10-3 100

H-H HFS
_

H-H 1S-2S
_

p-p mass
_

p-p  charge/mass
_

K  - K   mass
_0 0

d-d mass
_

μ  g-factor±

e   mass±

e   g-factor±

 He-  He mass3 3

p-p magnetic moment
_

e   charge±

2015

ALPHA

ATRAP



Motivation: CPT

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

Absolute energy scale: standard model extension (Kostelecky)

absolute accuracy (GeV)
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ATRAPBASE &
ASACUSA



Motivation: CPT

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

Absolute energy scale: standard model extension (Kostelecky)

absolute accuracy (GeV)

relative accuracy

10 10 10 10 10 10 10 10 10 10-27 -24 -21 -18 -15 -12 -9 -6 -3 0

10-27 10-24 10-21 10-18 10-15 10-12 10-9 10-6 10-3 100

H-H HFS
_

H-H 1S-2S
_

p-p mass
_

p-p  charge/mass
_

K  - K   mass
_0 0

d-d mass
_

μ  g-factor±

e   mass±

e   g-factor±

 He-  He mass3 3

p-p magnetic moment
_

e   charge±

2017

ALPHA
ALPHA



Motivation: CPT

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

Absolute energy scale: standard model extension (Kostelecky)

absolute accuracy (GeV)

relative accuracy
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next stop: gravity



P1: GAD

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

564 Walz and Hänsch

Figure 1. Orders of magnitude relevant for gravitational experiments

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

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

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

climb against gravity is shown on the upper scale.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

current lowest H 
temperature (0.5K)

(light atom, short wavelength)

for gravity measurement
gravityspectroscopy

_

the importance of working at low temperature



ALPHA results (gravity at 0.5K)

ALPHA collaboration, Nature Communications 4, Article number: 1785 (2013)

“... cooling the anti-atoms, perhaps with lasers, to 30 
mK or lower, and by lengthening the magnetic shutdown 
time constant to 300 ms, we would have the statistical 
power to measure gravity to the F=±1 level ...“

F ≡Mg/M

FH  < 110_

Nature Communications volume 4, 
Article number: 1785 (2013)
doi:10.1038/ncomms2787



alternative antihydrogen production method: RCE

AEgIS

Ps + p → H + e-
Ps* + p → H + e-

_
__

_

e+

e+
TPs ~ 100 K

TH ~ Tp

Ep ~ 5 kV

_ _

Ps + H → H + e-
__

GBAR

cold H 
_

hot H
_

+

_

*

*

+

but: low rate! but: low rate!



grating 1 grating 2

position-sensitive
detector

L Latomic
beam

Ps

laser
  excitation

antiproton
  trap

positronium
  converter

e+

Ps

Ps*
Ps*

H*

H*
H beamH*

accelerating
  electric field

Schematic overview

Physics goals: measurement of the gravitational interaction between
matter and antimatter, H spectroscopy, ...

_

Schematic overview

→

! Anti-hydrogen formation via Charge exchange process with Ps*
      • o-Ps produced in SiO  target close to p; laser-excited to Ps*

• H temperature defined by p temperature

! Advantages:
! Pulsed H production (time of flight – Stark acceleration)
! Narrow and well-defined H n-state distribution
! Colder production than via mixing process expected
! Rydberg Ps &              → H formation enhanced

            

_
_

_
σ≈ 𝑎0𝑛4

Physics goals: measurement of the gravitational interaction 
between matter and antimatter, H spectroscopy, ...

_

_ _
_

2



AEgIS experiment
_

E.#Widmann

SETUP

10

13

Positron 
source

Positron trap

Positron accumulator

Positron transfer line

Chamber for Ps 
experiments

5T trap

1T trap

Antiproton line

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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positronium excitation

1  →  3   →  continuum205 nm 1064 nm

o-Ps (142 ns)

3P excitation line centered at 205.05±0.02 nm

6

FIG. 6. SSPALS spectra of Ps into vacuum with UV+ IR
lasers OFF in black, and laser UV+ IR ON (205.05 nm + 1709
nm) in dark gray. Shown spectra are composed by averaging
40 single shots. Area between 300 ns (vertical dashed line)
and 600 ns from the prompt peak has been considered for
evaluation of S for Rydberg levels (see text).

FIG. 7. Scan of the S parameter as defined in the test versus
the IR wavelength in air in the range n = 15...18. The clearly
identifiable peak, associated to the transitions to n=15, has
been fitted with a gaussian. For n > 16, lines are no more
clearly separated due to the excessive broadening. Horizontal
error bars only account for the statistical uncertainty; vertical
error bars display the error from the average per measurement
set.

The wavelength of the IR pulse was measured at the
beginning of each set of 15 measurements (per wavelength
point in the scan) inserting in the (already aligned) laser
line a 1 cm lithium niobate doubling crystal. Its accep-
tance bandwidth in the range 1650 � 1720 nm is 2⇡⇥
800 - 1000 GHz, broader than the bandwidth of the IR
pulse, which lies within the interval �IR = 2⇡⇥ 85 -
106 GHz, depending on the mutual OPA crystals align-
ment. The second harmonic generated was sent to a

commercial Thorlabs CCS175 spectrometer. The phase-
matching angle of such crystal was optimized for each
wavelength used in the scan by maximizing the outgo-
ing beam intensity, in order not to incur in systematics
e↵ects related to limiting crystal acceptance angle. The
CCS175 spectrometer was used during the data taking
with its original factory calibrations. At the end of the
measurement campaign, a spectrum of a mercury lamp
was acquired with high statistics, using the same set of
calibration coe�cients. Five mercury lines in the range
541-707 nm were clearly identified. Together with the
theoretical position of the first two YAG lines (531.91 nm
and 1064.82 nm), these Hg peaks were used to fit a linear
model to the NIST (National Institute of Standards and
Technology) reference values for mercury in air. A shift
in the measured wavelengths in the range 532-1064 nm
versus the reference NIST lines of 1.14 ± 0.86 nm was
observed, while on the contrary the angular coe�cient of
the spectrometer was found compatible with unity within
the statistical sensitivity. The statistical uncertainty for
a single measurement in this wavelength range was found
to be very close to the spectrometer specifications (0.57
nm measured versus 0.6 nm declared by manufacturer),
even if its resolution of 6 px/mm would suggest a higher
accuracy.
The IR laser spectrum is slightly non-symmetric

around the peak wavelength due to slightly di↵erent
phase-matching angles of the OPA crystals. We con-
sidered the weighted average of the spectral data (after
being corrected according to the linear model obtained
from calibration) as central wavelength for showing the
data. This choice is motivated by the narrow IR laser
bandwidth (�IR = 2⇡⇥ 85 - 106 GHz) compared to the
observed k�v ⇡ 2⇡⇥ 470 GHz linewidth of n = 3. We
expect the n = 15 level to be even more broadened than
n = 3 due to the added contribution from the motional
Stark e↵ect [49], almost negligible at low excited states.
Despite this significant broadening of the Rydberg

lines, we observed the n = 15 transition clearly isolated;
for higher states, di↵erent n-manifolds start to overlap
in a continuum of energy levels [49]. This is shown in
Fig. 7, which reports experimental data together with a
Gaussian fit of the Rydberg n = 15 line. The resulting
peak wavelength has been determined to be 1710.0± 0.6
nm (stat).
Contrary to the spectroscopic survey carried out in

Ref. [8], our experiment is performed in a 600 V/cm
electric field. The zero field excitation line central value
for n = 15 is expected to be 1708.63 nm; hence our exper-
imental data shows a line shift of around 1.4 nm towards
higher wavelengths, about ten times greater than the
shift that can be evaluated by the presence of quadratic
Stark e↵ects.
The reason underlying this notable line shift is actu-

ally under investigation; a first suggested interpretation
involves a dynamical feature provoking an uneven dis-
tribution of the exciting lines in arbitrary external elec-
tric fields, due to uneven dipole strengths of the tran-

1  →  3   →  nS (τ ~ µs)205 nm 1700 nm

precision (QED) tests with Ps in future?

S. Aghion et al. (AEgIS Collaboration) Phys. Rev. A94 (2016) 012507
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• light reference:  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❖ Shift of fringes detected #

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

single grating

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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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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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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❖ Small uncertainty due to distortion #

❖ Shift of fringes detected #

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

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

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

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

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

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

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

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

Dy 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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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
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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
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presented here for the same exemplary detector area with ten annihilations as in Fig. 2a. (b) The antiproton and light measurements are aligned by
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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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Deflectometer test with antiprotons

S. Aghion et al.,"A moiré deflectometer for antimatter", Nature Communications 5 (2014) 4538

http://www.nature.com/ncomms/2014/140728/ncomms5538/full/ncomms5538.html


Antiproton decelerator

AEGIS
( 1013 p @ 26 GeV/c2) 

ALPHA

BASE

extraction at 5.3 MeV

Two main challenges: more / colder antiprotons



ELENA to the rescue

ATRAP 
I & II

ALPHA
ASACUSA

GBAR BASE

     space for
future (anti)atomic 
physics experiments

AEgIS

extraction at 100 keV

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

ALPHA-g



ELENA is a tiny new decelerator that:
• dramatically slows down the antiprotons from the AD
• increases the antiproton trapping efficiency x 100
• allows 4 experiments to run in parallel
• allows new experiments to be considered commissi
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“Ultra-cold” (~1 µK) Antihydrogen

P1: GAD

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

564 Walz and Hänsch

Figure 1. Orders of magnitude relevant for gravitational experiments

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

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

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

climb against gravity is shown on the upper scale.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

current lowest p 
temperature (4.2K)

(light atom, short wavelength)

for gravity measurement
gravityspectroscopy

current lowest H 
temperature (0.5K)

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

_

Two main challenges: more / colder antiprotons



sympathetic cooling to the rescue

cooling of H+
_

formation of H+(binding energy = 0.754 eV)

cooling of p
_

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

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

Roy & Sinha, EPJD 47 (2008) 327

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

_
_ _

sympathetic cooling of H+

e.g. In+ → 20 μK

photodetachment at ~6083 cm-1

gravity measurement via “TOF ”

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

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

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

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

11meV
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infrared laser photodetachment spectroscopy [23]. In this study of Os−, the transition
frequency (wavelength λ ≈ 1162.7 nm) was determined with an uncertainty of
≈ 5 GHz. It was found that the bound excited state is very weakly bound (binding
energy ≈ 11.5 meV) and that its Einstein coefficient is A ≈ 104. Figure 1 shows
the resulting energy level diagram, taking into account theoretical calculations on
the ground state configuration [24]. The narrow linewidth means that the Doppler
temperature achievable by laser cooling is TD ≈ 0.24 µK, four orders of magnitude
lower than that of (anti-)hydrogen when using the Lyman-α transition [25]. Based
on these experimental data, the aforementioned theoretical study [18] established
that the laser cooling of Os− should be technically feasible. Many aspects of the
technique, however, depend on the cross-section of the cooling transition as well
as the configuration of the bound state, necessitating a more detailed spectroscopic
investigation of Os−.
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Fig. 3 (Color online.)
Blue-shifted resonance
frequencies as a function
of the ion beam energy [28].
The solid line is the result
of the fit for the Doppler shift,
its extrapolation to zero beam
energy is shown in the inset.
The lower pane shows the
residuals of the fit

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

In collinear laser spectroscopy, the measured transition frequency is blue-shifted
because of the Doppler effect. While the transition frequency in the ion’s rest frame
can be deduced from a single measurement at a well-known ion beam energy, a
more precise value is obtained by performing a number of measurements at different
beam energies and fitting the data points to the well-known function for the Doppler
shift. Furthermore, a possible systematic shift in the beam energy can be accounted
for by including it as a parameter of the fit. The result of these measurements
and the corresponding fit are shown in Fig. 3 [28]. From the fit, a transition
frequency of ν0 = 257.831190(35) THz was obtained, corresponding to a wavelength
of 1162.74706(16) nm. This is in good agreement with the prior measurement [23], but
more than two orders of magnitude more precise. The fit yielded an average beam
energy error of 0.4(5) eV. To our knowledge, this transition frequency measurement
constitutes the most precise determination of any feature in an atomic anion.

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

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

Fischer et al, PRL 104 (2010) 073004 

_

GBAR experiment

TOD

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

very long-term goals: gravity, spectroscopy in sub-mK traps

_



laser-cooling of anions (  sympathetic cooling of antiprotons)

ongoing work in Heidelberg with La :  HF transitions fully characterized
transition (cooling) rate of several kHz
(only) 3 laser wavelengths required for cooling

-

• next step: trapping, cooling of La-
E. Jordan, G. Cerchiari, S. Fritzsche, and A. Kellerbauer
Phys. Rev. Lett. 115, 113001



Anion cooling for AEgIS: C2
_

Sisyphus cooling

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

Electronic and vibrational levels of C2

Arrow width ~ Franck-Condon transition strength

_



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

Ps, muonium:

µp:
_

H:
_

charge neutrality ...   

gravity (2nd generation), antiproton charge radius

gravity (lepton sensitivity)

pp, pd:
_ _

gravity (baryon sensitivity), spectroscopy, ...

ions: H2+, resp. H2

ions: H+
_

gravity, CPT (ultra-cold H)
_

_ _

proton-electron mass ratio μ

pN:
_

trapped p (AD) + radioisotopes (ISOLDE) = PUMA
_



positronium...
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forces. The Coulomb interaction was the main
problem in the proposed anti-proton gravity ex-
periment as described by Goldman and Nieto [5].
This anti-proton experiment has been closed down
with no gravity results. The lightness of Ps is in-
teresting for general investigations of relativistic
quantum mechanics. There the Compton wave-
length appears as a characteristic length, which
is inversely proportional to the rest mass of the
particle. For Ps this characteristic length is half the
electron Compton wavelength. The big advantage
of Ps over electrons lies in the fact that Ps interacts
resonantly with light and thus allows the applica-
tion of techniques developed in the field of atom
optics. This makes Positronium a unique particle
for investigations of relativistic quantum motion.
Another important point is that Ps can be pro-
duced with a fairly cheap tabletop source for
demonstration purposes. High intensity sources for
precision measurements are available at the ISA
slow positron facility in Aarhus, Denmark or at
the Lawrence Livermore National Laboratory, in
the USA.

2. Matter wave interferometer

The basic setup of the proposed matter wave
interferometer is similar to the Mach–Zehnder
type matter wave interferometers already realized
for neutrons and atoms [6]. The schematic is
shown in Fig. 1. It consists of three main parts: the
formation of a collimated Ps beam, the actual in-
terferometer consisting of three diffraction gratings
and the detection.

The details of the experimental realization of
the main three parts will be discussed in the fol-
lowing sections. Here I will discuss briefly the basic
features of a Mach–Zehnder type interferometer,
how gravity leads to a phase shift and what the
intrinsic limit of phase shift resolution is.

The beam separation and re-combination in the
proposed interferometer occurs by diffraction at
three diffraction gratings. Incident waves are di-
vided at the first grating which creates a spatially
separated coherent superposition of two matter
waves. The achieved separation of the two beams
is given by the diffraction angle h and the length L
of the interferometer. The second grating acts like
a mirror such that the two coherent beams overlap
at the third grating. There the beams are coher-
ently re-combined and the two output beams are
formed. The interference signal is detected by
translating the third grating and observing the
modulation of the number particles in either of the
two outgoing beams in the far-field.

The interference pattern is given by

NoutðDxÞ ¼ N0 1

!
þ C cos 2p

Dx
d

"
þ /

#$
; ð1Þ

where N0 is the mean number of particles detected
in one output, C represents the contrast of the
fringes sometimes called visibility, Dx is the dis-
tance the last grating is moved and d describes the
grating period. An additional phase shift such as
gravity or Anandan phase can be described by /.

One important feature of a Mach–Zehnder in-
terferometer is that the visibility of the interference
pattern is independent of the initial wavelength,
i.e. of the velocity distribution. It is a white light

Fig. 1. Schematic for realization of a matter wave interferometer: Two slits are used to collimate the beam. The interferometer is set up
with three diffraction gratings equally spaced. A spatially resolving particle detection allows distinction between the two comple-
mentary outputs of the Mach–Zehnder interferometer.
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Fig. 3 using Eq. (3). One can see that for inter-
action times longer than 0.25 ls the 1321 nm
interferometer is preferable. With an optimized Ps
source of 106 Ps/s and a measurement time of
1 day one can measure 0.07 g within one standard
deviation. Note that such an optimized interfer-
ometer would be 2L ¼ 5 m long. It is obvious that
such an experiment is very difficult since the ther-
mal drifts of the interferometer have to be kept
smaller than the phase shift which corresponds to
0.04 nm. An improvement can be achieved by
utilizing higher-order Bragg scattering which has
been observed up to the sixth order [18] leading to
a sixfold improvement of the sensitivity. By ap-
plying more elaborate manipulation techniques an
improvement by a factor of 20 seems possible.

6. Conclusions

In summary, it has been shown that a 2s ortho-Ps
interferometer realized with standing light waves is
experimentally feasible. The necessary experimen-
tal parameters are discussed. The estimate for using
the interferometer to measure gravitational accel-
eration of purely leptonic system shows that with
current techniques it is a very challenging experi-
ment. It seems to be a good time to start working on

the realization of a collimated Ps beam. This would
immediately allow for very interesting investiga-
tions due to the lightness of Ps such as relativistic
forces like the Anandan force or atom optical ex-
periments utilizing the large photon recoil.
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cident flux of 106 Ps/s for a measurement lasting for one day.
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interferometer. This is a consequence of the high
symmetry which guarantees that the path length
difference between the two interferometer arms
is zero, independent of the initial wavelength (ve-
locity).

The expected phase shift due to gravity can be
calculated in a straightforward way by realizing
that the energy difference between the two arms of
the interferometer is given by DU ¼ mgz (m is the
mass of the particle, g is the gravitational accel-
eration, z is the spatial splitting between the two
paths). Since the splitting results from diffraction,
the angle between the two beams is given by H ¼
kdB=d with de Broglie wavelength kdB. The phase
shift due to gravity is given by

/g ¼
DU
!h

s ¼ 2p
d
g

L
v

! "2

¼ 2p
d
gs2; ð2Þ

where s ¼ L=v is the interaction time. This result
shows that the phase shift within a factor of two
can be understood in a classical way. It is given by
the distance the particle falls during the interaction
measured with the ruler given by the diffraction
gratings. Since the divisions are very closely
spaced, high resolution can be obtained.

An important figure of merit of an interferom-
eter is the sensitivity, which describes the minimal
acceleration that can be detected during a given
measurement time. It is given for a beam with a
mean velocity v and N0 detected particles by [7]

S ¼ 1

C
ffiffiffiffiffi
N0

p d
2p

1

s2
: ð3Þ

It is important to note that decreasing the grating
period d allows one to measure smaller accelera-
tions. An increase of the interaction time and the
throughput of the interferometer have the same
effect. Since the lifetime of Ps is comparable with
the transit time through the interferometer, an
optimal size of the interferometer for best perfor-
mance can be found (Section 5).

3. Diffraction of positronium by standing light waves

In atom optics diffraction of atoms by standing
light waves is a well-established phenomenon [8].

In the following I will discuss the important ex-
perimental parameters and what they imply for
diffraction of positronium.

One of the important feature of atoms is their
resonant interaction with light. As a consequence
light can induce a large oscillating dipole moment
in the atom which interacts with the light itself.
This is quantum mechanically described in the
simplest way by a two-level system. The atom is
described by one ground and one excited state
which has a finite lifetime and thus a line width of
C. Positronium has a level scheme which comes
very close to the two level system, as can be seen in
Fig. 2. In this paper only the ortho-Ps energy levels
are discussed since the gravitational phase shift is
proportional to the square of the interaction time
and thus only the ‘long’ living ortho-Ps can be
used.

The interaction energy U for an induced electric
dipole moment with the inducing electric field is
proportional to the light intensity and is inverse
proportional to the detuning of the laser frequency
ml to the atomic transition m0 as described by
d ¼ ml $ m0. In the limit of large detuning, i.e.
d% C and d% C

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I=ð2IsÞ

p
, the interaction energy

and thus the potential for the ground state is given
by [9]

Fig. 2. Grotrian diagram of the lowest energy levels of ortho-
Ps: The two optical transitions which are discussed are in-
dicated: 1s–2p at a wavelength of 243 nm and 2s–3p at a
wavelength of 1.3 lm. The Einstein coefficients are given in units
of 106 s$1.
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physics interest: QED atomic spectrum, gravity (via matter wave interferometry)

vPs ~ 100 km/s     interaction time of 1𝜇s ~ 10 cm

𝜏 = 142 ns

𝜏 = 1.1 𝜇s

   Ps source
(2π or better)

sensitivity with 106 Ps/s per day

λ(1s) = 243.1nm
λ(2s) = 1312.5nm

https://www.sciencedirect.com/science/journal/0168583X/192/1
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Figure 1. H− photodetachment cross sections. Background without resonances
from Chuzhoy et al. (2007) fits to Wishart (1979; dashed); with resonances from
B. M. McLaughlin et al. (2010, in preparation; solid). The shape resonance just
above H(n = 2) is prominent at about 11 eV. A narrow Feshbach resonance
is evident below H(n = 2), and there are other less-prominent Feshbach
resonances below H(n = 3) near 12.8 eV. Also shown are blackbody spectra for
temperatures from 5000 to 100,000 K (dotted).

obtained after a number of oscillator strength sum rules are self-
consistently satisfied (B. M. McLaughlin et al. 2010, in prepara-
tion). The new cross section is in good agreement with the results
of the eigenchannel R-matrix study of the auto-detaching reso-
nances by Sadeghpour et al. (1992), and use of the latter would
not change the conclusions presented below.

In this Letter, we point out that the H− auto-detaching
resonances provide an additional contribution to the radiative
feedback considered by Chuzhoy et al. (2007), which should
be included in models of high-redshift halo evolution. In the
following section, we estimate the resonant contribution in three
high-redshift scenarios that are relevant to the reionization epoch
following the formation of the first stars.

2. RESONANT PHOTODESTRUCTION

To estimate the effect of the auto-detaching resonant contri-
bution to radiative feedback, we partition photodetachment into
the continuum background (b) and resonant (r) contributions.
If the rate due to the background is βb

3 and that due to the full
cross section is βr+b

3 , their ratio R gives the enhancement factor
due to the resonances only

R =
βr+b

3

βb
3

. (6)

Similarly, a ratio of H2 suppression factors can be written

Fr = Fr+b

Fb

=
1 + βr+b

3
nHk2

1 + βb
3

nHk2

, (7)

where Fr is the resonant contribution to H2 suppression. Here
we have followed the approach of Chuzhoy et al. (2007) and
neglected the mutual neutralization process (Equation (5)). For
any meaningful suppression of the rate of formation of H2, we
would expect the ratio β3/nHk2 ≫ 1, so that

Fr ≈ βr+b
3

βb
3

= R. (8)
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Figure 2. Photodetachment rate ratio, R, for a blackbody radiation field as
a function of effective temperature Teff (solid). As discussed in the text
R ∼ Fr , the enhancement factor due to the resonances. Also shown are the
photodetachment rates: using the Wishart (1979) cross section with a cutoff
energy of 13.6 eV (dotted), using the current cross section (B. M. McLaughlin
et al. 2010, in preparation) with the cutoff (dashed), and using B. M. McLaughlin
et al. (2010, in preparation) without the cutoff, i.e., a full blackbody (dot-dash).

This is the case if fiducial values of the ionization fraction (x)
and the fraction of escaping ionizing photons (fesc) are adopted
as in Equation (10) of Chuzhoy et al. (2007). Therefore, the
total H2 suppression factor is given by F = Fb × Fr , within the
approximations discussed above.

2.1. Pop III Radiation and Recombination

Radiation from Pop III stars will photoionize the primordial
gas in halos in which the stars are formed, and in the gas beyond.
The resulting protons recombine producing a spectrum whose
photons have energies less than 10.25 eV (case B recombination
for H), but greater than 0.755 eV. The negative feedback
proposed by Chuzhoy et al. (2007) is the photodetachment of
H− by the recombination photons, yielding a suppression factor
of Fb ∼ 800 (for x = 0.1, fesc = 0.1). The Pop III stars
also produce a blackbody continuum with a significant flux of
photons less than the Lyman limit (13.6 eV). Depending on the
mass of the Pop III star, inclusion of the blackbody spectrum as
a source of H− photodetachment could increase the suppression
by factors of 1.1 to ∼ 10 (see Figure 2 in Chuzhoy et al.),
increasing as the stellar effective temperature Teff decreases.
The suppression factor arising from the blackbody continuum
is enhanced compared to that due to the recombination photons
because as Teff is decreased, fewer photons contribute to H
photoionization, but the Planck spectrum overlap with the H−

photodetachment cross-section peak, near 1.5 eV, is enhanced
as illustrated in Figure 1.

The enhancement factor R for resonant photodetachment
is shown in Figure 2 as a function of the Pop III stellar
effective temperature where only photon energies less than the
Lyman limit are included. The resonant contribution is seen
to increase the H2 suppression factor Fr for Teff > 1000 K
reaching asymptotically R ∼ Fr ∼ 1.2 as Teff exceeds
100,000 K.5 The behavior of R can be understood by comparing
the blackbody spectrum to the photodetachment cross sections

5 The shoulder between 5000 and 15,000 K is actually due to the 3%
difference between the two cross sections at the peak near 1.5 eV. The fit given
by Chuzhoy et al. (2007) does not accurately reproduce the Wishart (1979)
data at these photon energies.

“traditionally” formed by injecting p into liquid hydrogen
_

spontaneous formation in n~40, Stark mixing, rapid annihilation

physics interest: QCD-induced shift, broadening of QED atomic spectrum

spectroscopy resolution determined by fluorescence detector resolution

alternative: pulsed formation via co-trapped p and H
_ _

• photo-ionize H
_

• charge exchange H + p
_

H + e
_

pp(40) + e
__

pulsed formation    laser spectroscopy on pp ; 
resolution determined by laser resolution

_

improvements: formation rate increased if n(H) >> 1

H. Sadeghpour, A. Dalgarno, R. Forrey, The Astro- 
physical Journal Letters, 709:L168–L171, 2010

improvements: life time increased if n(H) >> 1

long-lived cold Rydberg protonium    trap/beam     
gravity measurement
precision spectroscopy

H. C. Bryant et al., PRL 38 (1977) 228 



Summary and longer-term outlook

work towards ultra-cold H will open up additional experimental techniques
and should lead not only to improved precision tests of CPT, but also of the 
gravitational interaction: atomic fountains, & laser-interferometric techniques, 
benefitting from the past and ongoing progress in the fields of atomic physics, 
quantum optics, molecular physics, ...

_

Further antihydrogen-like systems like p𝜇+, Ps, pp, H+, H2 (and much 
patience and ingenuity) offer additional opportunities for intriguing tests 
(gravity, high sensitivity measurements of antiproton/positron mass ratio, 
gravity tests in purely baryonic or leptonic systems, ...)

_ _ __ -

• advances on spectroscopy with H and pHe+, as well as in precision 
  measurements with p have been impressive in the last few years... 
• in these systems, CPT tests now reach ~ 10-12  and have the potential to 
  improve sensitivity by further orders of magnitude in the coming years
• tests of the WEP are becoming feasible, with precisions that can be 
  expected to initially reach % or ‰ level

_ _
_


