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Caveats:

Equivalence Principle and Bound Kinetic Energy

We consider the role of the internal kinetic energy of bound systems of 
matter in tests of the Einstein equivalence principle... We survey the 
sensitivities of existing and planned experimental tests of the equivalence 
principle, and report new constraints at the level of between a few parts in 
106 and parts in 108 on violations of the equivalence principle for matter 
and antimatter.

“in the SME, EEP violation in antimatter can be 
constrained by tests using bound systems of normal 
matter”

...an anomaly that violates the weak equivalence principle for 
free particles generates anomalous gravitational redshifts in 
the energy of systems in which they are bound, in proportion 
to the systems’ internal kinetic energy...

Any operator affecting antimatter–matter interactions affects also 
matter–matter interactions which are (very!) well constrained.

Diego Blas ,19 February 2018  
https://doi.org/10.1098/rsta.2017.0277

Theoretical aspects of antimatter and gravity Another important caveat comes from the composite nature of nucleons. In 
fact, the virtual content (or self-energy or binding energy) is very important in 
nucleons at rest. This has been used to claim that, since most of the mass of 
antihydrogen comes from gluons, only a 1% deviation for Δa is possible when 
one considers the gravitation of antihydrogen, given the current constraints on 
the gravitation of hydrogen [1]. This argument says nothing about new 
charges which do not affect the gluons, and thus I do not think is very strong 
in this framework. Also, an important contribution to the nucleon itself comes 
from virtual antiquarks. Since the exact amount depends on the nuclear 
binding energy, this effect will be different for different nuclei, and thus the 
bounds from the equivalence principle can be recycled to constrain it [2]. The 
final bound that this implies for Δa is model-dependent, but in the simplest 
scenarios it seems to be of order Δa ≲ 10-7 

[1] Fischler M, Lykken J, Roberts T. 2008  
Direct observation limits on antimatter gravitation.  
(http://arxiv.org/abs/0808.3929

[2] Alves DSM, Jankowiak M, Saraswat P. 2009  
Experimental constraints on the free fall acceleration of antimatter.  
(http://arxiv.org/abs/0907.4110)

M. Hohensee, H. Müller, R. B. Wiringa 
PRL 111,151102 (2013)

For quite sometime, (direct) experimental tests with antimatter will lag behind ...

https://royalsocietypublishing.org/doi/10.1098/rsta.2017.0277#
https://doi.org/10.1098/rsta.2017.0277
https://royalsocietypublishing.org/doi/full/10.1098/rsta.2017.0277
https://royalsocietypublishing.org/doi/10.1098/rsta.2017.0277#RSTA20170277C4
https://royalsocietypublishing.org/doi/10.1098/rsta.2017.0277#RSTA20170277C5
https://royalsocietypublishing.org/doi/10.1098/rsta.2017.0277#RSTA20170277C4
http://arxiv.org/abs/0808.3929
https://royalsocietypublishing.org/doi/10.1098/rsta.2017.0277#RSTA20170277C4
http://arxiv.org/abs/0907.4110


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

• 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)

( how could such a cancellation arise naturally?)

Jagannathan & Singh,
Phys. Rev. D 33 (2475) (1986)

charge-forces mediated by even-
integer spin bosons are always 
attractive (scalar, tensor, etc.) whereas 
forces mediated by odd-integer spin 
bosons can be both attractive or 
repulsive,depending upon whether the 
charges are opposite or alike.

attempt to build a quantum theory of gravity...•
Gravity...
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Type II: “Model” for CPTV: standard 
model extention SME

• Spontaneous Lorentz symmetry breaking by (exotic) string vacua

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

CPT & Lorentz violation

Lorentz violation

Modified Dirac eq. in SME

45

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

Phys. Rev. D 55, 6760–6774 (1997)

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

CPT...

if Lorentz invariance is broken, new possibilities for scalar and vector couplings become possible...



Experiments at CERN’s Antiproton Decelerator
(antiprotons and antihydrogen)

Spectroscopy Gravity

AEgIS GBAR
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Symmetries
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...Matter-Antimatter
interactions
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Antimatter
manipulations

...

ASACUSA
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first stop: indirect tests of gravity

Preferred candidate system: antiprotons
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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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2 - qV0 /md2

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

Indirect tests: ATRAP & BASE 
(absence of gravitational redshift)

E

B

In a magnetic field, charged particles follow cyclotron orbits: 

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


Indirect tests: ATRAP & BASE 

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

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

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

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

(absence of gravitational redshift)

< 8.7 × 10−7

Constraints on the gravitational properties of antiprotons and positrons from cyclotron-
frequency measurements 

Richard J. Hughes and Michael H. Holzscheiter, Phys. Rev. Lett. 66, 854 – Published 18 February 1991



_

S
te

fa
n
 M

e
y
e
r 

In
s
ti
tu

te

E. Widmann

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
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52

Indirect tests: ASACUSA (pHe+ spectroscopy)
_

An additional force between a nucleus of mass M and an antiproton would 
change the spectrum of such an atom. The effective orbit radius r0 for usually 
studied antiproton-nucleus atoms is about a few hundreds fm. 

2

II. ATTRACTIVE INTERACTION

Let us estimate firstly the interaction of neutrons with
the mirror. If the mirror’s density is constant and equals
to ρm, then an additional potential of the interaction
between neutrons and the mirror is given by:

V ′(z′) = −GαGmρm
∫

mirror

d3r
exp

(

−
√

x2 + y2 + (z − z′)2/λ
)

√

x2 + y2 + (z − z′)2
.(3)

The volume integral is calculated over the mirror bulk:
−∞ < x, y < ∞, z < 0 (in fact, over the neutron’s
vicinity with the size of the order of a few λ due to the
exponential convergency of these integrals). It can be
calculated analytically for small λ:

V ′(z) = −U0e
−z/λ (4)

with U0 = 2πGαGmρmλ2.
The simplest upper limit on the strength of an ad-

ditional interaction follows from the condition that this
additional interaction does not create itself any bound
state. It is known [15] that for an exponential attractive
(αG > 0) potential (4) this means that:

U0mλ2

!2
< 0.72. (5)

This condition gives a boundary for an additional poten-
tial strength:

αG = 0.72
2

π

ρ

ρm

!

mgλ2

!

mλ

R

λ
, (6)

ρ being the Earth’s averaged density. In this experiment,
both densities are close to each other ρ ≈ ρm, therefore
their ratio ρ/ρm is close to 1. However an adequate choice
of the mirror material (coating) would easily allow one
to gain a factor of 3–5 in the sensitivity in future exper-
iments. One obtains the following numerical boundary:

αG = 1. · 1015
(

1µm

λ

)4

(7)

Here, 1 µm is chosen as a natural scale for this experi-
ment. This limit is presented in Figure 1 in comparison
with the limits coming from the Casimir-like and van der
Waals force measurement experiments [9]. One can note
that, in the realistic case, one has to establish a condi-
tion of non existence of an additional bound state for the
sum of (2) and (4) but not for the interaction (4) alone.
A presence of the linear potential modifies slightly the
critical value in (5). For instance, for λ = 1µm it equals
approximately to 1.0 and for λ = 0.1µm it equals to 0.74.
For smaller λ, this value is evident to tend to 0.72. It is
possible to explain qualitatively why the strength of an
additional interaction should be higher in presence of the
mgz-potential than without it. When a bound state just

appears, then its wave function is extremely spread. If
one adds a supplementary “external” confining potential,
it does not allow the wave function to be spreaded and
thus one needs a stronger potential to create a bound
state. The range of presented λ is 1 nm – 10 µm. A
deviation from a straight line in the solid curve at 1 nm
is due to the finite range of increase of the mirror effec-
tive nuclear potential (impurities on the surface and its
roughness). The same effect at λ ≈ 10µm is due to an
“interference” of the potentials (2) and (4).

FIG. 1: The constraints on αG following from the experi-
ment [14] (the solid line) in comparison with that from the
measurement of the Casimir and the van der Waals forces [9]
(the dashed line). The dotted line shows a limit which can be
easily obtained by an improvement of this experiment. The
solid horizontal line represents the limit established from the
atomic experiment [18].

It is interesting to compare this analytical limit (7)
to an analogous expression obtained in [9, 10] for the
Casimir force-like experiments. The simplest boundary
α = α(λ) following from these experiments is given by a
formula:

αC = CC
exp(d0/λ)

λ3
. (8)

Here d0 is a gap separation and CC is a constant depend-
ing on the geometry of different experiments. This func-
tion increases exponentially when λ tends to zero. This
behaviour is clearly seen in Figure 1. In the experiment
[14] we obtain

αn =
Cn

λ4
(9)

and αn increases only as 1/λ4! This difference between
(8) and (9) means that, in principle, for any CC and Cn,

M. Hori et al., Science 04 Nov 2016: 
Vol. 354, Issue 6312, pp. 610-614
DOI: 10.1126/science.aaf6702 
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Constraints on non-Newtonian gravity from the experiment
on neutron quantum states in the Earth’s gravitational field

V.V. Nesvizhevsky
Institut Laue-Langevin, 6, rue Jules Horowitz BP 156, F-38042 Grenoble Cedex 9, France

K.V. Protasov
Laboratoire de Physique Subatomique et de Cosmologie, IN2P3-CNRS,
UJFG, 53, Avenue des Martyrs, F-38026 Grenoble Cedex, France

(Dated: November 1, 2018)

An upper limit to non-Newtonian attractive forces is obtained from the measurement of quantum
states of neutrons in the Earth’s gravitational field. This limit improves the existing contraints in
the nanometer range.

PACS numbers: 04.80.Cc, 28.20.-v

I. INTRODUCTION

According to the predictions of unified gauge theories,
supersymmetry, supergravity, and string theory, there
would exist a number of light and massless particles [1].
An exchange of such particles between two bodies gives
rise to an additional force. Additional fundamental forces
at short distances were intensively studied, in particu-
lar during last few years following the hypothesis about
“large” supplementary spatial dimensions proposed by
Arkami-Hamed, Dimopoulos, and Dvali [2, 3], building
on earlier ideas in Refs [4, 5, 6, 7]. For a review of
theoretical works and recent experimental results, see
[8, 9, 10, 11]. This hypothesis could be verified using
neutrons because the absence of an electric charge allows
one to strongly suppress the false electromagnetic effects
[12]. It was noticed in [13] that the measurement of the
neutron quantum states in the Earth’s gravitational field
[14] is sensitive to such extra forces in the sub-micrometer
range. In the case of n = 3 extra dimensions, the char-
acteristic range is just in the nanometer domain [2, 12]
which is accesible in this experiment. The first attempt
to establish a model-dependent boundary in the range
1–10 µm, was presented in ref. [16].
An effective gravitational interaction in presence of an

additional Yukawa-type force is parametrized as:

Veff(r) = G
m1m2

r

(

1 + αGe
−r/λ

)

. (1)

Here, G is the Newtonian gravitational constant, m1 and
m2 are interacting masses, r their relative distance, αG

and λ are strength and characteristic range of this hypo-
thetical interaction.
The experiment [14] consists in the measurement of the

neutron flux through a slit between a horizontal mirror
on bottom and a scatterer/absorber on top as a func-
tion of the slit size ∆h.This dependence is sensitive to
the presence of quantum states of neutrons in the poten-
tial well formed by the Earth’s gravitational field and the
mirror. In particular, the neutron flux was measured to
be equal to zero within the experimental accuracy if the

slit size ∆h was smaller than the characteristic spatial
size (a quasiclasssical turning point height) of the lowest
quantum state of ∼ 15µm in this potential well. The
neutron flux at the slit size ∆h < 10µm was lower by
at least a factor of 200 than that for the lowest quan-
tum state(∆h ≈ 20µm). If an additional short-range
force of sufficiently high strength would act between neu-
trons and the mirror then it would modify the quantum
states parameters: an attractive force would “compress”
the wave functions towards the mirror, while a repulsive
force would shift them up. In this experiment, no devi-
ation from the expected values was observed within the
experimental accuracy. This accuracy is defined by the
uncertainty in the slit size which can be conservatively
estimated as ≈ 30 % for the lowest quantum state [14].

The motion of neutrons in this system over the vertical
axis z could be considered, within first and quite good
approximation, as an one dimentional problem for which
the mirror provides an infinitely high potential. The in-
teraction between neutrons and the Earth is described by
the first term in equation (1) and can be approximated
by the usual linear potential (r = R + z):

V (z) = mgz (2)

with g = GM/R2, R being the Earth’s radius, M its
mass, m the neutron mass.

The second term in equation (1) introduces an addi-
tional interaction. Due to the short range of this interac-
tion, its main contribution is provided by the interaction
of neutrons with a thin surface layer of the mirror and
the scatterer.

In this article, we estimate an upper limit on an addi-
tional attractive short-range force, which could be estab-
lished from this experiment in a model-independent way.
We show that it could not be significantly improved in
any more sophisticated model.

2
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Let us estimate firstly the interaction of neutrons with
the mirror. If the mirror’s density is constant and equals
to ρm, then an additional potential of the interaction
between neutrons and the mirror is given by:

V ′(z′) = −GαGmρm
∫

mirror

d3r
exp

(
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√

x2 + y2 + (z − z′)2/λ
)
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The volume integral is calculated over the mirror bulk:
−∞ < x, y < ∞, z < 0 (in fact, over the neutron’s
vicinity with the size of the order of a few λ due to the
exponential convergency of these integrals). It can be
calculated analytically for small λ:

V ′(z) = −U0e
−z/λ (4)

with U0 = 2πGαGmρmλ2.
The simplest upper limit on the strength of an ad-

ditional interaction follows from the condition that this
additional interaction does not create itself any bound
state. It is known [15] that for an exponential attractive
(αG > 0) potential (4) this means that:
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This condition gives a boundary for an additional poten-
tial strength:
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ρ being the Earth’s averaged density. In this experiment,
both densities are close to each other ρ ≈ ρm, therefore
their ratio ρ/ρm is close to 1. However an adequate choice
of the mirror material (coating) would easily allow one
to gain a factor of 3–5 in the sensitivity in future exper-
iments. One obtains the following numerical boundary:

αG = 1. · 1015
(

1µm

λ

)4

(7)

Here, 1 µm is chosen as a natural scale for this experi-
ment. This limit is presented in Figure 1 in comparison
with the limits coming from the Casimir-like and van der
Waals force measurement experiments [9]. One can note
that, in the realistic case, one has to establish a condi-
tion of non existence of an additional bound state for the
sum of (2) and (4) but not for the interaction (4) alone.
A presence of the linear potential modifies slightly the
critical value in (5). For instance, for λ = 1µm it equals
approximately to 1.0 and for λ = 0.1µm it equals to 0.74.
For smaller λ, this value is evident to tend to 0.72. It is
possible to explain qualitatively why the strength of an
additional interaction should be higher in presence of the
mgz-potential than without it. When a bound state just

appears, then its wave function is extremely spread. If
one adds a supplementary “external” confining potential,
it does not allow the wave function to be spreaded and
thus one needs a stronger potential to create a bound
state. The range of presented λ is 1 nm – 10 µm. A
deviation from a straight line in the solid curve at 1 nm
is due to the finite range of increase of the mirror effec-
tive nuclear potential (impurities on the surface and its
roughness). The same effect at λ ≈ 10µm is due to an
“interference” of the potentials (2) and (4).

FIG. 1: The constraints on αG following from the experi-
ment [14] (the solid line) in comparison with that from the
measurement of the Casimir and the van der Waals forces [9]
(the dashed line). The dotted line shows a limit which can be
easily obtained by an improvement of this experiment. The
solid horizontal line represents the limit established from the
atomic experiment [18].

It is interesting to compare this analytical limit (7)
to an analogous expression obtained in [9, 10] for the
Casimir force-like experiments. The simplest boundary
α = α(λ) following from these experiments is given by a
formula:

αC = CC
exp(d0/λ)

λ3
. (8)

Here d0 is a gap separation and CC is a constant depend-
ing on the geometry of different experiments. This func-
tion increases exponentially when λ tends to zero. This
behaviour is clearly seen in Figure 1. In the experiment
[14] we obtain

αn =
Cn

λ4
(9)

and αn increases only as 1/λ4! This difference between
(8) and (9) means that, in principle, for any CC and Cn,

Constraints on       from ASACUSA measurements with pHe. 

The diagonal lines come from measurements of Casimir and van der 
Waals forces on neutron quantum states in the Earth’s gravitational 
field.

V. Nesvizhevsky, K. Protasov, https://arxiv.org/pdf/hep-ph/0401179.pdf

_



next stop: direct tests of gravity

Preferred candidate system: Antihydrogen
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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 (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: 
microwave transitions in GS H
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

HFSH = 1,420.4 ± 0.5 MHz 
M.Ahmadi et al., ALPHA collaboration,  
Nature 548, 66–69 (03 August 2017)

_

M. Ahmadi et al., ALPHA collaboration, 
Nature 529, 373–376 (2016)



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_

y
x

z



ALPHA results (1s-2s spectroscopy,  ALPHA-g)

2018

Outlook: 100’s ~ 1000’s 
of trapped H (through 
stacking) in B~1T field at 
temperature O(50) mK

_

Detuning (kHz at 243 nm)

2 × 10−12

installation and 
commissioning of a 
second experiment
with vertical trap 

(ALPHA-g)

2018

2018 first laser-cooling
of H on 1s-2p

_

M. Ahmadi et al., Nature vol. 557, pages71–75 (2018)



ELENA: a new decelerator down to 100 keV

ATRAP 
I & II

ALPHA
ASACUSA

GBAR BASE

     space for
future (anti)atomic 
physics experiments

AEgIS

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

ALPHA-g

• dramatically slows down
  the antiprotons from the AD

• increases the antiproton
  trapping efficiency x 100

• allows 4 experiments to
  run in parallel

• space for new experiments 

Facility shut down until mid-2021



“Ultra-cold” (~1 µK) Antihydrogen
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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



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: AEgIS

→

! Anti-hydrogen formation via Charge Exchange process with Ps*
   • o-Ps produced in SiO2 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, ...

_

_ _
_



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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o-Ps (142 ns)

Ps (n=3)
~1700 nm

205 nm

Ps* (n=15, τ ~ µs)

Ps (n=2)
metastable

Ps: excitation into Rydberg states

1064 nm

∞

(Ps beam for  
  gravity meas )t



sympathetic cooling to the rescue

cooling of H+
_

formation of H+(binding energy = 0.754 eV)

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 ”

_

TOD

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

→ sympathetic cooling of H to ~ μK
_+

→ O(1%) on g

GBAR experiment



sympathetic cooling to the rescue

cooling of H+
_

formation of H+(binding energy = 0.754 eV)

cooling of p
_

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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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−.
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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

_

→ sympathetic cooling of H to ~ μK
_+ → sympathetic cooling of p to < mK

_

→ O(1%) on g →  < mK antihydrogen (pulsed production)



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

H:
_

charge neutrality ...   gravity

good perspectives for mK or sub-mK
H in the coming 5 years, and certainly
for test of gravity at the 100% ~ 1% level

_ (sub-mK?)



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

Ps

H:
_

charge neutrality ...   

gravity (lepton sensitivity)charge neutrality ...   

gravity

o-Ps: 142 ns
Ps(2s): 1.1𝜇s→



positronium...

M. Oberthaler, Volume 192, Issues 1–2, (2002) 129

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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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]

S¼ 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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protonium...

“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
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• charge exchange H + p
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improvements: 
           formation rate increased if n(H) >> 1
           life time increased if n(H) >> 1
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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 others (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 several orders of magnitude in the coming years
• direct tests of the WEP are becoming feasible, with precisions that can be 
  expected to initially reach % or ‰ level in a number of antimatter systems

_ _
_
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