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2THE WEAK EQUIVALENCE PRINCIPLE

• Universality of free fall (UFF) established by Galileo and Newton

Weak equivalence principle (WEP) 

• Unique behavior:

electric field vs. gravitational field

electric field: gravitational field:

F = q · E F = m · G

|E| � Q

r2
|G| � M

r2

|a| � q |a| �= F(m) , a = const.

• For other forces, mass has only one function; as the measure of inertia. For 

gravity, it also fulfills a second function; as source of acceleration.

clock will run faster as the gravitational field around it is
reduced.”

In January 1960, Leonard Schiff3 showed that, as long as a
gravity field affects clocks and normal matter alike, the gravi-
tational redshift can be derived from WEP and special relativ-
ity and as such it is not a crucial test of GR. Measurements of
the gravitational redshift are therefore tests of the underlying
WEP, but he argued that even with the best atomic clocks of
the time they could not compete with the torsion balance tests
reported by E€otv€os half a century earlier.

Recently, a proposal has been made for a new space mis-
sion devoted to measuring the gravitational redshift and
testing WEP with cold atoms.4 A much better ground mea-
surement of the gravitational redshift has been reported,
based on free falling cold atoms.5 A strong scientific debate
is ongoing and this has motivated the present work.

This paper is organized as follows. In Sec. II, we go back
to UFF and the equivalence principle of Galileo, Newton,
and E€otv€os to stress the advantages of null experiments. In
Sec. III, we recall how UFF and Newton’s equivalence prin-
ciple (the “weak equivalence principle”) led Einstein to the
strong equivalence principle (or “Einstein equivalence
principle”) and to the formulation of general relativity, so
that a violation of UFF/WEP would either require that GR be
amended or call for a new force of nature. This has led to the
quest for UFF/WEP null experiments that are as accurate
and precise as possible.

In Sec. IV, following Schiff,3 we derive the gravitational
redshift from the WEP and special relativity and show that—
as long as clocks are affected by a gravitating body like nor-
mal matter—its measurement is a test of UFF/WEP but it is
by far less competitive than direct null tests. A suggested
stronger deviation from WEP of clocks as compared to ordi-
nary bodies6 appears to be beyond the reach of current and
planned experiments. The best, so-far controversial, measure-
ment of the gravitational redshift,5 based on free falling cold
atoms in combination with a nearby absolute gravimeter, is a
test of the WEP. As such it is in perfect agreement with the
original experimental result,7 but it is in no way competitive
with UFF/WEP null tests. In this analysis we frequently step
into the “Schiff conjecture” as formulated in 1973 by Thorne
et al.8 In consideration of the “vigorous argument” between
Schiff and Thorne on this issue, we trace the conjecture back
to Schiff’s original statement in Ref. 3 and report it. We also
report the results of the best experiment to date that has com-
pared the effect of a gravitating body (the Sun) on the rate of
clocks of different internal structure and in different locations
as the solar potential changes over the year.9

Finally, in Sec. V, we compare UFF/WEP tests using mac-
roscopic proof masses versus cold atoms to show that,
although the experiments are completely different, there is
no difference in the nature of the tests and one should pursue
the most promising ones, both in terms of sensitivity and in
terms of differences in the physical properties of the atoms
being tested.

II. UNIVERSALITY OF FREE FALL AND THE
EQUIVALENCE PRINCIPLE FROM GALILEO TO
NEWTON

In the Discorsi10 (pp. 128–129; pp. 84–85 of the English
edition) Galileo describes his tests of the universality of free
fall (UFF) made with two pendulums of different composi-
tion. The book was published in Leiden in 1638 when

Galileo was 74, almost blind, and under house arrest by order
of the Pope, but he had made these experiments in the early
1600s.11 The accuracy of the test was12 about 10!3.

In 1687, in the opening paragraph of the Principia,13

Newton wrote: “This quantity that I mean hereafter under
the name of…mass…is known by the weight…for it is pro-
portional to the weight as I have found by experiments on
pendulums, very accurately made….” If inertial and gravita-
tional mass mi and mg are the same for all test bodies regard-
less of their mass and composition, the equations of motion
under the gravitational attraction of a source mass M (e.g.,
the Earth, assumed for simplicity to be spherically symmet-
ric) state that they all fall with the same acceleration:

mi
€~r ¼ !

GMmg

r3
~r; so mi ¼ mg implies that

€~r ¼ !GM

r3
~r: (1)

If inertial and gravitational mass are equivalent, UFF holds;
should experiments invalidate UFF, they would invalidate
the equivalence of inertial and gravitational mass as well.

This was the “equivalence principle” from 1687 until
1907. Note that Eq. (1) holds for any position vector~r , in the
vicinity of the source body as well as very far away from it,
e.g., it applies also to test bodies on Earth falling in the grav-
itational field of the Sun (as tested by Dicke and his students
in the early 1960s14), or in the case of the Earth and the
Moon falling towards the Sun (as tested with lunar laser
ranging15).

E€otv€os and collaborators1 first coupled the test masses by
suspending them on a very sensitive torsion balance, and
were able to test UFF in the field of the Earth to about 10!8.
Dicke’s torsion balance experiment was the first UFF test in
the field of the Sun (to ’10!11), followed by Braginsky and
Panov16 (to ’10!12). More recent experiments with rotating
torsion balances have tested UFF both in the field of the
Sun17 and in the field of the Earth18 yielding the best limits
to date (see Ref. 19, Table 3): UFF is confirmed to about
10!12 in the field of the Sun and to about 10!13 in the field of
the Earth.

It is worth stressing that UFF experiments can reach high
accuracy because they can be performed as null experiments.
The physical quantity of interest in UFF experiments is the
relative acceleration Da ¼ a1 ! a2 of the free falling proof
masses, from which the dimensionless E€otv€os parameter

g # Da

a
(2)

is obtained (here a ¼ ða1 þ a2Þ=2 is the average free fall
acceleration of the masses in the gravity field of the source
body). The g parameter quantifies a deviation from UFF. If
UFF holds, Da ¼ 0 and g ¼ 0; for a given value of a, the
smaller the differential acceleration measured, the smaller
the value of g, the more accurate the test.

If the experiment is designed to measure the differential
acceleration between the test masses, the experiment signal
should be zero in the absence of UFF violation (after classi-
cal differential effects have been reduced to below the tar-
get). In such null experiments no precise theoretical
prediction must be made which the measured signal should
be compared to in order to obtain the physical quantity of
interest.
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• Einstein Equivalence Principle: 
• WEP 
• Local Lorentz Invariance (LLI) 
• Local Position Invariance (LPI)

electric field vs. gravitational field

electric field: gravitational field:

F = q · E F = m · G

|E| � Q

r2
|G| � M

r2

|a| � q |a| �= F(m) , a = const.

• For other forces, mass has only one function; as the measure of inertia. For 

gravity, it also fulfills a second function; as source of acceleration.

= const∝

∝∝



3TEST OF THE EEP

• EEP is the “heart and soul” of General Relativity (GR):

R. Dicke, Les Houches Summer School of Theoretical Physics: Relativity, Groups and Topology, pp. 165–313, CNUM: C63-07-01 (1964)

• EEP valid → gravity is governed by a“metric theory of gravity” 

• EEP extensively tested experimentally:

Isotropy of atomic energy levels:LL
I

� = |c�2 � 1| > 10-23

Torsion balance:

W
EP

> 10-13⌘ =
a1 � a2

(a1 + a2)/2

C. Will, Living Rev. Relativity 17 (2014)
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Eötvös

Renner

Princeton

Moscow

Boulder

Eöt-Wash

Eöt-Wash

Free-fall

Fifth-force
  searches

LLR

   a1 -a 2

 (a1+a2)/2

2010

Matter waves

FIG. 1: Selected tests of the weak equivalence principle, showing bounds on η. The free-fall and Eöt-Wash experiments were
originally performed to search for a fifth force (green region, representing many experiments). The blue band shows evolving
bounds on η for gravitating bodies from lunar laser ranging (LLR).

• tests of the independence of the speed of light of the velocity of the source, using both binary X-ray stellar
sources and high-energy pions;

• tests of the isotropy of the speed of light.

In addition to these direct experiments, there was the Dirac equation of quantum mechanics and its prediction of
anti-particles and spin; later would come the stunningly successful relativistic theory of quantum electrodynamics.
For a pedagogical review on the occasion of the 2005 centenary of special relativity, see [15].
In 2015, on the 110th anniversary of special relativity, one might ask “what is there left to test?” Special relativity

has been so thoroughly integrated into the fabric of modern physics that its validity is rarely challenged, except by
cranks and crackpots. It is ironic then, that during the past 15 years, a vigorous theoretical and experimental effort
has been launched to find violations of special relativity. The motivation for this effort is not a desire to repudiate
Einstein, but to look for evidence of new physics “beyond” Einstein, such as apparent, or “effective” violations of
Lorentz invariance that might result from certain models of quantum gravity. Quantum gravity asserts that there
is a fundamental length scale given by the Planck length, ℓPl = (!G/c3)1/2 = 1.6 × 10−33 cm, but since length is
not an invariant quantity (Lorentz–FitzGerald contraction), then there could be a violation of Lorentz invariance at
some level in quantum gravity. In brane world scenarios, while physics may be locally Lorentz invariant in the higher
dimensional world, the confinement of the interactions of normal physics to our four-dimensional “brane” could induce
apparent Lorentz violating effects. And in models such as string theory, the presence of additional vector and tensor
long-range fields that couple to matter of the standard model could induce effective violations of Lorentz symmetry.
These and other ideas have motivated a serious reconsideration of how to test Lorentz invariance with better precision
and in new ways.
A simple and useful way of interpreting some of these modern experiments, called the c2-formalism, is to suppose

that the electromagnetic interactions suffer a slight violation of Lorentz invariance, through a change in the speed of
electromagnetic radiation c relative to the limiting speed of material test particles (c0, made to take the value unity
via a choice of units), in other words, c ̸= 1. Such a violation necessarily selects a preferred universal rest frame,
presumably that of the cosmic background radiation, through which we are moving at about 370 km s−1. Such a
Lorentz-non-invariant electromagnetic interaction would cause shifts in the energy levels of atoms and nuclei that
depend on the orientation of the quantization axis of the state relative to our universal velocity vector, and on the

Gravitational red shift: 

LP
I

�⌫

⌫
= (1 + ↵)

�U

c2
> 10-6

WEP



4WEP FOR ANTIMATTER: THE CURRENT PICTURE

• Some arguments would suggest the WEP holds for antimatter 

• neutrinos detected from Supernova 1987A S. Pakvasa et al., Phys. Rev. 
Lett. D. 39, 6 (1989)

• Shapiro delay of relativistic particles not a test for the EEP
G. T. Gillies, Class. Quantum Grav. 29 (2012)

•  On the experimental side:

•  Strong theoretical arguments only apply to the idea of antigravity
•  Morrison (1958), Schiff (1958), Good (1961), etc…
•  none of them necessarily requires mantimatter

i = mmatter
g

•  and others…but none of them is conclusive

• p-p cyclotron frequency comparisons: G. Gabrielse et al., 
PRL 82 (3198) (1999)

!c � !̄c

!c
< 9⇥ 10�11

• Model dependent, CPT assumption, absolute potentials, … 



• 2013: ALPHA experiment at CERN set limit on               for H

5WEP FOR ANTIMATTER: WHY TO TEST IT?

•  Our attempts for a quantum theory of gravity typically result into 
new interactions which violate the WEP (ex. KK theory)

•  Because it’s possible and no direct measurements are available

mg/mi
Nature Communications 4, 1785 (2013)

> 110  excluded at 95% CL•  

• 1989: PS-200 experiment at CERN tried to use (4 K) p
Nucl. Instr. and Meth. B, 485 (1989)

• 1967: Fairbank and Witteborn tried to use positrons
Phys. Rev. Lett. 19, 1049 (1967)

• Previous attempts:

• Problem with charged particles: stray E and B fields

mg/mi

•  Some open questions (like dark matter and baryogenesis) could 
benefit from a direct measurement Astrophys. Space Sci. 334, 219–223 (2011)

Int. J. Mod. Phys. D18, 251–273 (2009)

JHEP 1502, 076 (2015)
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• The main goal of AEgIS is a direct measurement of the Earth’s 
local gravitational acceleration g on “cold” beam of H atoms 
using a moiré deflectometer

 Alban Kellerbauer  ·  Cargèse Workshop  ·  2 May 2017 

Gravity measurement 

• Interferometer/deflectometer: 
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– Two gratings create shadow pattern on third grating 

– “Self-focusing” effect  (works with uncollimated beam) 

– Deflectometer used for gravity measurement on 

Ar atoms,  σ(g)/g = 2×10−4 

 [M. K. Oberthaler et al., Phys. Rev. A 54 (1996) 3165] 
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δx = �g
�L
v

�2

GRAVITY MEASUREMENT WITH AEgIS EXPERIMENT

• For H at very low temperature a precision of the order of few 
percent can be reached
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Experimental sequence 
 

4) Antihydrogen recombination 

5)   Antihydrogen beam formation 

6)   Gravity measurement 

�e

p

8 

�

 �o� ep HPs

1)   Antiproton capture & cooling 

2)   Positron production 

3) Positronium conversion 

 

 

8AEgIS APPARATUS

(Over)Simplification of the experimental setup 

p
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9ANTIHYDROGEN PRODUCTION STRATEGY

• Rydberg H: strong dipole moment → Stark accelerationFigure 1. Principle of antihydrogen production in AEgIS.

Antihydrogen production. Rydberg antihydrogen atoms H
⇤
are produced from cold antiprotons

(p) and Rydberg (ortho)positronium Ps⇤ via the charge exchange reaction Ps⇤ + p ! H
⇤
+

e� [4, 5]. This process has various advantages:

• The production cross section scales as � / n

4
Ps where nPs is the principal quantum number

of orthopositronium. The cross section is around 10�9 cm2 for nPs = 20.

• The reaction can produce ultracold antihydrogen atoms if the antiprotons are cold enough.
The antihydrogen temperature is 120 mK for Tp = 100 mK and nPs = 30.

• The antihydrogen atoms are pulsed. The temperature of the antihydrogen atoms must be
low enough (⇠100 mK) to reduce the beam spread (Maxwell-Boltzmann distribution with
the average speed of 50 m/s).

Antihydrogen beam formation. The antihydrogen atoms in excited Rydberg states have large
electric dipole moments and can be accelerated by electric field gradients to several 100 m/s
towards the moiré deflectometer. This technique has already been demonstrated by accelerating
Rydberg hydrogen atoms with n = 22, 23, 24 to velocities up to 2⇥ 108 m/s2 [6].

Gravity measurement. The gravity module, a classical moiré deflectometer [7] coupled to an
H detector, will measure the gravitational acceleration g of the antihydrogen beam. The
deflectometer consists of two silicon gratings of 40 µm pitch with 12 µm slit widths. The
two gratings are 40 cm apart. Figure 2 shows that the two gratings produce a pattern on the
H detector with the same period as the grating pitch. The intensity pattern can be measured
precisely with emulsion detectors (see below).

The trajectory of the H atoms is a↵ected by gravity, which leads to a shift of the periodic
pattern, depending on the strength of the gravitational force and the velocity of the beam
between the two gratings. The shift is determined by including a measurement of the time-of-
flight between the production point and the detector. The gravitational acceleration g is given

Ps⇤ + p̄ ! H̄⇤ + e�

•  � / n4
Ps n4

Ps ⇡ 20� 30~ 20 - 30

•  Cold Rydberg H* atoms can be produced via charge exchange

• Temperature of H given by the 
temperature of p 

•  p are provided from the Antiproton Decelerator (AD) at CERN 
and are cooled down (electron cooling) in electromagnetic traps



10POSITRONIUM FORMATION AND EXCITATION

•  The second ingredient for our H recipe is the Rydberg 
positronium which is an exotic atom composed by an e- and a e+

SiO2

Si

e+

e+

e+

e+

•  Ps produced via electron capture of e+ 
within a nanoporous silica target

• para-Ps(125 ps) and ortho-Ps(142 ns)

• e+ source: 440 MBq (current 15mCi)

Transport efficiency 90%

• Accumulation

AEgIS status: Positrons

Lifetime ~ 100s      

transfer line
bunches of ~107 e+ 

transfer ε > 0.8

accumulator
22Na e+ source plus 

moderator
up to 8x108 e+



11POSITRONIUM FORMATION AND EXCITATION

•  Two-step excitation of Ps:

•  UV    n = 1         3

•  IR n = 3         Rydberg

(1650 nm
) (205 nm

)

0.75 eV

6.05 eV

n = 1

n = 2

n = 3

n = 35

continuum Alban Kellerbauer  ·  Cargèse Workshop  ·  2 May 2017 

Positronium excitation 
• Cross-section of Ps charge exchange reaction 

enhanced for large n: 
 

• Two-step excitation: 
 UV n = 1  o  3 
 IR n = 3  o  Rydberg 

 
 

• Laser bandwidth must be matched 
to (broadened) levels 

4
0naσ |

λ ≈ 1670 nm
τ ≈ 10 ns

λ ≈ 205 nm
τ ≈ 3 ns

Ps

n = 1

n = 2

n = 3

n = 35

Excitation efficiency  ≈ 30% 

Ps target 
IR fiber 

UV prism 
e+ trap 

[F. Castelli et al., Phys. Rev. A 78 (2008) 052512] 
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10Laboratoire Aimé Cotton, Université Paris-Sud, ENS Cachan, Centre National de la Recherche Scientifique,
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We demonstrate the laser excitation of the n = 3 state of positronium (Ps) in vacuum. A combination of a
specially designed pulsed slow positron beam and a high-efficiency converter target was used to produce Ps. Its
annihilation was recorded by single-shot positronium annihilation lifetime spectroscopy. Pulsed laser excitation
of the n = 3 level at a wavelength λ ≈ 205 nm was monitored via Ps photoionization induced by a second intense
laser pulse at λ = 1064 nm. About 15% of the overall positronium emitted into vacuum was excited to n = 3
and photoionized. Saturation of both the n = 3 excitation and the following photoionization was observed and
explained by a simple rate equation model. The positronium’s transverse temperature was extracted by measuring

2469-9926/2016/94(1)/012507(7) 012507-1 Published by the American Physical Society



12DETECTOR TESTS

• Two candidates detectors are currently under investigation: 
nuclear emulsions1 and Timepix2 (from Medipix collaboration)

• Nuclear emulsions provide excellent position resolution (~2 μm) 
but require a very long time to be processed 

• Timepix is a silicon detector composed a matrix of 256 by 256 
pixels which allows a spatial resolution of ~25 μm

2) N. Pacifico et al., NIM A 831 (2016) 12–171) S. Aghion et al., JINST 12 (2017) P04021



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
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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 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
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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 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
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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 precise measurement of forces is one way to obtain deep insight into the fundamental

interactions present in nature. In the context of neutral antimatter, the gravitational inter-

action is of high interest, potentially revealing new forces that violate the weak equivalence

principle. Here we report on a successful extension of a tool from atom optics—the moiré

deflectometer—for a measurement of the acceleration of slow antiprotons. The setup con-

sists of two identical transmission gratings and a spatially resolving emulsion detector for

antiproton annihilations. Absolute referencing of the observed antimatter pattern with a

photon pattern experiencing no deflection allows the direct inference of forces present. The

concept is also straightforwardly applicable to antihydrogen measurements as pursued by the

AEgIS collaboration. The combination of these very different techniques from high energy and

atomic physics opens a very promising route to the direct detection of the gravitational

acceleration of neutral antimatter.
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• AEgIS experiment is taking data (H production expected in 2017)

• Small-scale test of the Moiré deflectometer with p was performed
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• 146 antiprotons recorded

The pattern of 146 antiprotons detected for the grating in
direct contact with the emulsion is depicted in Fig. 2c. The high
visibility implies that the periodicity is well-defined in an area as
large as 15! 6 mm2 since the data collapses onto one fringe by
taking the detected position modulo the extracted periodicity d of
the pattern. To extract the periodicity, we employ the Rayleigh
test23 that is also widely used in astronomy24. The periodicity d
and the relative rotation a of the pattern is found by maximizing

Z2 ¼ 2
n

Xn

i¼1

sin
2p
d
# yi

! " !2

þ
Xn

i¼1

cos
2p
d
# yi

! " !2" #

; ð2Þ

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

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

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

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

This observation is consistent with independent systematic
studies of the distortion of emulsions on this large scale25. It is
important to realize that this angle implies an intrinsic systematic
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Figure 3 | Comparison between photon and antiproton patterns. (a) The spatial positions of the detected antiprotons (blue dots) are compared with the
subsequently recorded light pattern (measured intensity indicated by the red shading). The Talbot–Lau fringe pattern provides the zero-force reference,
presented here for the same exemplary detector area with ten annihilations as in Fig. 2a. (b) The antiproton and light measurements are aligned by
overlaying the two patterns obtained with the contact grating. The result of this procedure is visualized on the right, where the annihilation positions
of all antiprotons are folded into an area of 80! 80mm2. The moiré and Talbot–Lau pattern depicted on the left, without any further alignment, can be
compared to determine a shift. (c) The data is projected onto the y axis for quantitative analysis. A relative shift between moiré and Talbot–Lau
pattern indicates that a force is present. The observed mean shift of 9.8 mm is consistent with a mean force of 530 aN.

V
is

ib
ili

ty

0

0.2

0.4

0.6

0.8

1

y position

100 aN

464 aN

2154 aN

Measurement
Simulation

Force (aN)
101 102 103 104 0 d/2 d
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the visibility for increasingly large forces. As the observed pattern in the
presence of a force is an ensemble of differently shifted patterns
corresponding to different transit times t the visibility consequently
decreases. The measured fringe pattern exhibits a visibility of (71±10) %
and is consistent with the result of this simulation. The error bar on the
measured visibility is determined via resampling; the error bar on the
measured force includes the systematic error bound and the one sigma
statistical error bound. The observed high visibility excludes that the fringe
pattern is shifted by more than one period and sets an upper limit for a
force present without the necessity of referencing.
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Mini moiré results
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Light / antiprotons comparison 

- contact pattern as a reference for the alignement (grating shadow)
- moiré pattern: shift detected!   'y = 9.8 ± 0.9(stat) ± 6.4(syst) µm
(compatible with the measured magnetic field of ~10 G at the 
position of the deflectometer)
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RESULTS: (MINI) MOIRÉ TEST WITH ANTIPROTONS

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

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

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

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

This observation is consistent with independent systematic
studies of the distortion of emulsions on this large scale25. It is
important to realize that this angle implies an intrinsic systematic
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Figure 3 | Comparison between photon and antiproton patterns. (a) The spatial positions of the detected antiprotons (blue dots) are compared with the
subsequently recorded light pattern (measured intensity indicated by the red shading). The Talbot–Lau fringe pattern provides the zero-force reference,
presented here for the same exemplary detector area with ten annihilations as in Fig. 2a. (b) The antiproton and light measurements are aligned by
overlaying the two patterns obtained with the contact grating. The result of this procedure is visualized on the right, where the annihilation positions
of all antiprotons are folded into an area of 80! 80mm2. The moiré and Talbot–Lau pattern depicted on the left, without any further alignment, can be
compared to determine a shift. (c) The data is projected onto the y axis for quantitative analysis. A relative shift between moiré and Talbot–Lau
pattern indicates that a force is present. The observed mean shift of 9.8 mm is consistent with a mean force of 530 aN.
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Figure 4 | Monte Carlo simulation. A detailed simulation study based on
the expected energy distribution of the antiprotons (see Methods) shows
the visibility for increasingly large forces. As the observed pattern in the
presence of a force is an ensemble of differently shifted patterns
corresponding to different transit times t the visibility consequently
decreases. The measured fringe pattern exhibits a visibility of (71±10) %
and is consistent with the result of this simulation. The error bar on the
measured visibility is determined via resampling; the error bar on the
measured force includes the systematic error bound and the one sigma
statistical error bound. The observed high visibility excludes that the fringe
pattern is shifted by more than one period and sets an upper limit for a
force present without the necessity of referencing.
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uncertainty in the determination of the relative shift between the
light and antimatter patterns since one cannot know which part
has undergone the deformation. Assuming that both areas of the
emulsion corresponding to contact and moiré have changed the
same way on the centimetre scale, that is, half of the angular
deviation for each pattern, we can compare the relative positions
of the antiprotons with that of the light pattern as shown in
Fig. 3b. The contact patterns on the right overlay as these are
direct shadows of the grating (no force dependence), while an
upward shift of the antiprotons in the force sensitive moiré
pattern is noticeable. For quantitative analysis, we collapse the
data onto one fringe (see Fig. 3c) and deduce the relative shift of
Dymean¼ 9.8±0.9 mm (stat.) where the error is due to the
uncertainties (one sigma) of the involved fits. Estimating a
bound on the systematic uncertainties, we repeat our analysis
assuming that either the contact or the moiré pattern has been
changed due to the distortion. With that we find a minimal shift
of Dymin¼ 3.7±0.9 mm (stat.) and maximal shift of Dymax¼ 16.4
±0.9 mm (stat.) leading to a shift of Dymean¼ 9.8±0.9 mm
(stat.)±6.4 mm (syst.).

Discussion
The observed shift of the moiré pattern is consistent with a force
acting on the antiprotons. With the assumption of a mean velocity
of v¼ 4.5" 106 ms# 1 implying a transit time of t¼ 5.6 ns, we find
a mean force of F¼ 530±50 aN (stat.)±350 aN (syst.).

It is important to note that the mere observation of a pattern
sets an upper bound for the force being present. The impinging
antiproton beam has a very broad velocity distribution due to the
degrading process in the foils. Thus, in the case that a force is
present, the experimentally observed moiré pattern is an
ensemble of differently shifted patterns corresponding to the
transit times t for different velocities. The results of a simulation
of the performance of the moiré deflectometer are depicted in
Fig. 4 and clearly reveal how the visibility vanishes for
increasingly large forces (a force of 10 fN reduces the visibility
below u¼ 10%). The observed visibility of 71% is consistent with
a mean force of B500 aN. The visibility of the antiproton moiré
pattern on its own (not relying on additional referencing) is an
independent consistency check that the observed pattern is
indeed shifted due to a force. Additionally with the observed high
visibility of the moiré pattern, we exclude the possibility that the
force has shifted the pattern by more than one period (see Fig. 4).

The measured force could arise from a Lorentz force either
caused by an electric field of B33 V cm# 1 in direction of the
grating period or a magnetic field component of B7.4 G
perpendicular to the grating period and antiproton direction.
The latter is compatible with the measured magnetic field of

B10 G at the position of the deflectometer due to the fringe
field of the trapping region and stray fields of neighbouring
experiments in the AD zone.

The results presented are a crucial step towards the direct
detection of gravitational acceleration of antihydrogen with the
AEgIS experiment. Its concept is based on the formation of
excited antihydrogen through the charge exchange reaction of
electromagnetically trapped antiprotons with bunched Rydberg
positronium. The resulting dipole moments of the antihydrogen
atoms in a weak electric field allow their subsequent acceleration
with electric field gradients, thus forming a beam towards the
moiré deflectometer. The measurement of the antihydrogen’s
arrival position is realized by detection of the annihilation of its
antiproton—thus using techniques presented here.

It is important to note that the expected absolute shift of the
antihydrogen pattern due to gravity is comparable to the one
observed in the current experiment. Although the gravitational
force acting on antihydrogen is 10 orders of magnitude smaller
than the sensitivity level reached with the presented small
prototype deflectometer, the resolution of the setup can be simply
improved by scaling up the deflectometer and the detector.
A detailed discussion of the expected performance can be found in
refs 10,19. The main improvement is achieved by increasing the
transit time t (see equation (1)). Using a beam of antihydrogen
atoms with a significantly lower velocity of B500 ms# 1 and a
distance of 1 m between the gratings (this experiment v¼ 4.5
" 106 ms# 1 and L¼ 25 mm) will improve the sensitivity by 11
orders of magnitude (eight orders of magnitude due to slower
velocity and three orders of magnitude due to increased length of
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Figure 5 | Rayleigh test. The results of the Rayleigh test applied on the antiproton data of the moiré deflectometer and the contact grating show
unambiguous maxima from which orientation and periodicity of the patterns are extracted.
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Figure 6 | Simulated energy distribution. A Monte Carlo simulation
based on the Geant4 toolkit provides an estimate of the kinetic energy
distribution of the antiprotons reaching the moiré deflectometer. This
calculation takes into account the degrading foil system, the magnetic
field and the geometry of the AEgIS apparatus.
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•
 

• consistent with a B ~ 7.4 G  

B ~ 10 G measured at 
the Moiré position



15CONCLUSIONS AND FUTURE PLANS

• AEgIS aims at probing the WEP on antimatter
• No direct measurement so far G
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• The working principle tested using antiprotons
• Stray B field → no gravity measurement possible on p

• AEgIS is taking data

• First gravity measurements planned for the next years

• H production expected to be achieved later this year
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• Longer term plans also include H-H spectroscopy


