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Abstract The Einstein classical Weak Equivalence Principle states that the trajectory of a
particle is independent of its composition and internal structure when it is only submitted
to gravitational forces. This fundamental principle has never been directly tested with anti-
matter. However, theoretical models such as supergravity may contain components inducing
repulsive gravity, thus violating this principle. The GBAR project (Gravitational Behaviour
of Antihydrogen at Rest) proposes to measure the free fall acceleration of ultracold neu-
tral antihydrogen atoms in the terrestrial gravitational field. The experiment consists in
preparing antihydrogen ions (one antiproton and two positrons) and sympathetically cool
them with Be+ ions to a few 10 μK. The ultracold ions will then be photoionized just
above threshold, and the free-fall time over a known distance measured. In this work, the
GBAR project is described as well as possible improvements that use quantum reflection of
antihydrogen on surfaces to use quantum methods of measurements.
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1 Introduction

Since the original paper of J. Sherck [1], there has been many works dealing with the possi-
bility or impossibility of antigravity, i.e., on the possibility that the gravitational interaction
between matter and antimatter could be repulsive or at least significantly different from the
interaction with matter [2–8]. Although several tests have been performed (see, e.g., [9–11]),
none concerned the direct measurement of the free fall of antimatter. It was also argued that
tests on ordinary matter could yield the same information as with antimatter[12], at least for
some specific theories. Yet this is not generally accepted [13].

Attempts have been made directly on antiprotons [14], but did not succeed due to the
fact that gravitation is so weak compared to electrostatic interaction. There are now two
accepted project at CERN, AEGIS [15] and GBAR [16], that propose methods to measure
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Fig. 1 Principle of the gbar
experiment. The H̄+ ions are
cooled to 10 μk
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directly the free-fall of cold or ultracold antihydrogen. Recently, the ALPHA experiment
reported a preliminary result using trapped antihydrogen, with wide error bars [17].

The GBAR project, described in this paper, is based on the proposition of [18]. It rec-
ognizes that direct laser cooling of hydrogen does not allow to cool down to low enough
temperature. The principle of the experiment as presented in Ref. [18] is to produce H̄+ ions
and cool them by sympathetic cooling of an other ion like Be+. The H̄+ ions are obtained by
the interaction of slow antiprotons with a cloud of positronium atoms. Sympathetic cooling,
using, e.g., Be+ ions allows reaching a temperature of the order of 10 μK, that corresponds
to a velocity of less than 1 m/s. The resulting H̄+ ion is then photodetached using a laser
just above threshold with a laser direction and polarization such that the H̄ will be produced
with minimum vertical impulsion. This process is represented in Fig. 1. The H̄ atoms will
then fall with a very small initial vertical velocity and be detected some 30 cm below. This
allows for a measurement with an accuracy of 0.001 if 5 × 105 H̄ atoms can be detected.

2 Description of the experiment

The complete synoptic scheme of the experiment is presented on Fig. 2. The experimental
setup is composed of 3 main parts. The lower part of Fig. 2 concerns the antiprotons. The
antiproton extracted from the CERN AD with an energy of 5.3 MeV will be slowed down
and cooled using the future electrostatic ring ELENA [19] to 100 keV for better deceleration
efficiency. Further slowing down will be done using a pulsed drift tube as done in ISOLDE
at CERN with heavy ions [20, 21]. The antiprotons must be finally decelerated to 1 keV and
focussed into the 1 mm diameter tube that will contain the positronium (Ps) target.

Obtaining a dense enough positronium target, with a density of ≈ 1012 cm−3 requires an
intense beam of positrons. The central part of Fig. 2 shows the scheme we have selected.
A 10 MeV, 0.2 mA LINAC will be used to produce a fast positron beam (MeV). These
positron are decelerated by interaction with a set of tungsten meshes used as moderator,
with an aimed efficiency of 5× 10−4. The positrons are then accumulated in a Penning trap
containing 2×1010 trapped electrons for cooling. The electrons are trapped in a 1 keV deep
well, while the positrons are trapped in a variable depth well, which will vary from 50 eV at
the beginning to ≈ 1 keV at the end of the accumulation time. We use a Penning–Malmberg
trap developped in RIKEN[22], that has been able to cool and store 106 positrons. The
accumulation can be done in 110 s, the period between two antiproton bursts. In order to
reach the required density of positronium, the system must be able to produce ≈ 1010 Ps
in 0.01 cm3 tube. The positroniums are created with a 30 % efficiency by the conversion
of positrons interacting with a porous sicilica coating inside a hollow tube. We thus need to
produce 3 × 1010 positrons.
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Fig. 2 Schematics of the gbar project

The efficiency of ortho-positronium (the long-lived, 142 ms, state) production by differ-
ent samples of porous silica has been measured [23] as well as its cooling [24, 25]. The
instantaneous flux in the test experiments was close to what is required in GBAR.

It is possible to excite the positronium in order to increase the efficiency of
H̄+ production. The H̄+ production is a two-step process. First an H̄ atom is produced, then
it captures a positron from a second Ps. The efficiency for producing H̄ goes as n4, where
n is the Ps principal quantum number. The binding energy of the H̄+ ion is the same as the
one of the H− one, 0.76 eV, which is very close to the excitation energy of Ps in the n = 3
level, thus leading to a possible resonant excitation process. A detailed description of the
processes and estimation of the needed cross sections can be found in [26].

3 Capture and cooling of the H̄+ ions

The H̄+ ions are produced at an energy of around 1 keV with an energy spread of ≈ 20 eV.
They need to be decelerated and cooled to 10 μK, i.e., by 12 orders of magnitude. The pro-
cess is described in the upper part of Fig. 2. The 1 keV H̄+ must be decelerated to an energy
of a few eV and captured in a Paul trap. The capture trap must be able to accommodate ions
with an energy spread of 20 eV. A cloud of Doppler-cooled Be+ is used to sympathetically
cool the captured H̄+ ions to the mK range. This require that the trap can accommodate
simultaneously the H̄+ ions and the Be+, which have a mass ratio of 9.

Several tunable laser schemes to photoionize Be atoms and cool efficiently the Be+ ions
have been proposed recently, using all solid-state design, using either laser diode [27, 28]
or fiber lasers [29, 30]. At the present time, the NIST solution for a 313 nm laser, which
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Fig. 3 Be+ ion level scheme (left) and principle of the two-ions Raman cooling (right). Dop2 and Dop1
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mass motion in one of the eigenmode of the ion pair is represented. R1 and R2 are the Raman excitation
beams

provide up to 750 mW of power, seems to be the most practical one. The Be+ transi-
tion wavelength is around 313.13 nm, in the UV. The level scheme of Be+ is presented in
Fig. 3. The Dop2 line at 313.13 nm is used for cooling and detection. Line Dop1 is used for
repumping from the F = 1 hyperfine level.

Sympathetic cooling is a well established technique [31] that can ultimately be applied
for quantum logic experiment [32]. The H̄+ ions will stay at the center of the trap, sur-
rounded by the Be+ ions. Once the H̄+ ions have been cooled to mK temperatures, the next
step transfer the H̄+ ions into the precision trap and to use Raman sideband cooling [33] to
obtain the required μK temperature. The principle of Raman sideband cooling is presented
in Fig. 3.

The Raman sideband cooling works by coherently driving stimulated Raman transitions
between the state |F = 2, n〉 to |F = 1, n − 1〉 and spontaneous Raman transitions from
|F = 1, n− 1〉 to |F = 2, n− 1〉 using so called Raman pulses. As a result, the vibrational
number is decreased by one unit. By repeating this procedure, one can prepare the ion in
the fundamental vibration level. The stimulated Raman transition is driven by the counter-
propagating beams R1 and R2 with Raman lasers far detuned from the 2S→2P transition
to avoid spontaneous emission, with frequencies satisfying the resonance condition ωR1 −
ωR2 = ωhfs + ωvibr. ωvibr corresponds to the frequency in the harmonic potential in Fig. 3
and ωhfs is the lower level hyperfine frequency splitting. The spontaneous Raman transition
is driven close to the Dop1 beam at 313.198 nm. In the Lamb-Dicke regime where �ωvibr �
Erecoil, the spontaneous emission mainly occurs with �n = 0.
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In order to resolve the macromotion sidebands in the trap, the trapping potential has to be
very steep, so that the frequencies of the motion in the 3 directions of space are in the MHz
range. The Raman sideband cooling of Be+ proceeds from the level n in the potential well
created by the Paul trap, and an ion in the 2S1/2, F = 2 level. The cooling sequence is then
(F = 1, n− 1), (F = 2, n− 1), (F = 1, n− 2), (F = 2, n− 2) . . . , (F = 2, 0). It has been
shown that the ions spend ≈98 % of the time in the n = 0 level in 1D and 92 % in 3D [34].

The number of eigen-frequencies ωvibr to generate varies like 3 × N , where N is the
number of ions. The system is practical if only a few ions are trapped. We plan to have only
two, one Be+ and one H̄+ in the precision trap.

A difficult issue to apply sympathetic cooling in the case of H̄+ is that the cooling lasers
provide energies way above the ionization threshold of H̄+ (3.97 eV vs 0.76 eV). Special
care will have to be taken not to photoionize the H̄+ ion during the Doppler and Raman
cooling phase. This process limits the cooling time to ≤ 500 ms. If longer times are needed,
one can use of doughnut-shaped laser beams and tight focussing of the laser on the Be+ ion
during the Raman cooling of the ion pair.

Another issue is the number of Be+ ions needed to cool the high energy H̄+ ions in the
initial phase. Simulations show that a very large number is required, depending on the cloud
aspect ratio diameter/length. Typically for aspect ratios of the Be+ ion clouds ranging from
1/5 to 1/8, one needs 106 to 107 ions. The cooling time will have to be investigated with
simulations and tested on H+

2 or protons. Some simulations hint that the process should
last around 1 s [35]. Yet, if the process is not fast enough, and the cooling times becomes
comparable to the time between antiproton pulses from ELENA, an additional step, using
resistive cooling to 4 K could be needed.

4 Photodetachment and detection

The photodetachment must be done in conditions that do not yield too large a vertical speed.
The photon energy must be just above threshold. The absorption of a 0.76 eV photon gives
to the resulting H̄ atom a recoil velocity of 0.2 m/s. The laser beam must then be horizontal.
The displacement of the atom due to this horizontal initial speed is 4 cm for a free fall of
0.2 s. The recoil due to the emission of the positron is 0.3 m/s for a laser energy 1 μeV
above threshold. Both speeds are of the same order of magnitude as the thermal speed
distribution of the cold ions. Yet, the detachment cross-section strongly decreases close to
the threshold. One must find an optimum between minimizing the H̄ recoil velocity and
having a large enough photodetachment rate.

The 1.64 μm laser radiation for photodetachment will be produced by an optical para-
metric oscillator (OPO) pumped by a fiber laser at 1064 nm A non-linear crystal in the OPO
(a MgO:PPLN – Periodically-Poled Lithium Niobate) converts one photon at 1.064 μm in
two photons at the wavelengths of 1.64 μm (called the signal) and 3.03 μm (the idler). Such
laser sources are commercially available. The non-linear crystal is placed in a ring cavity,
resonant with the signal. The signal frequency is controlled with the help of an etalon placed
inside the cavity and of a piezoelectric translator to scan the cavity length. For a pump power
of 15 W the CW output power is 2 W for the signal and the idler. The control of the intensity
of the signal radiation will be made with an acousto-optic modulator.

The photodetachment laser pulse will be the start of the free fall. A movable plate,
located around 10 cm below the photodetachment area will receive the antihydrogen atoms,
which will annihilate in it. The measurement chamber will be surounded by time projection
Chambers (TPC’s) to eliminate cosmic background and provide the trajectory information
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Fig. 4 Measurement chamber with the different components of the detection system

on the charged particles. Plastic scintillator counters located around the TPC’s will be used
to detect the charged pions from annihilation and provide the annihilation time with high
precision. The detection setup is shown in Fig. 4.

The design of the precision trap where the Raman side-band cooling of the H̄+ –Be+
pair and the photodetachment will be performed requires special attention. The trap must
allow several laser access, and block as little as possible the path of the resulting H̄ atoms.
We will design trap on a chip, that will be used for transport of the needed H̄+ and Be+
ions, for their cooling and also for separating the two species once the H̄+ ion is cold. Such
technique are being developed for possible applications in quantum information processing
with ions (see, e.g., [36–38])

There is one possible problem with this detection scheme when very cold H̄ atoms are
used: quantum reflection due to the Casimir potential can happen in the detector plate. This
effect has been observed with ultra-cold atoms [39]. Recent calculations show that it would
prevent direct contact between antihydrogen and the detector plate, thus preventing annihi-
lation and lead to sizable reflections in the GBAR setup [40]. But this effect can be turned
as an advantage, and be used to increase accuracy. Quantum states in the gravitational field
have been observed with ultra-cold neutrons[41]. A few years later, the whispering gallery
effect for neutron has been demonstrated [42]. This effect is now proposed for improving
the accuracy of measurement of the effect of gravitation on antimatter when using ultra
cold H̄ atoms as in the case of GBAR [43, 44]. This method could provide very precise
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measurements of the antimatter-surface interaction as well as an accurate test of the weak
equivalence principle.

5 Conclusions and perspectives

We have described the GBAR experiment, which aims at measuring the free fall of ultra-
cold antihydrogen atoms. The originality of the experiment is to start from sympathetically
cooled H̄+ ions to provide good accuracy. The first stage of the GBAR experiment aim at an
accuracy of 1 % for the precision of the measurement of the free fall of H̄. This accuracy can
be obtained using roughly 1500 events and a few weeks of beam time. An accuracy of 0.1 %
can be reached with 5 × 105 event. We plan to use advanced ion cooling and manipulation
techniques that have been developed for applications in ion quantum computing to have
an excellent control of the H̄+ ion produced. Finally We discussed a specific originality of
GBAR, which is that a possible perturbing effect, quantum reflection on the annihilation
plate of the very cold H̄ atoms, described in Section 4 can be used to increase accuracy.
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