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Recent advances in techniques to manipulate and study, with high precision, atomic hydrogen, from
one hand, and successful trapping schemes for positrons and antiprotons, from the other hand, have
encouraged the pursuit of experiments to test CPT violation and the Weak Equivalence Principle
(WEP) through the comparison of hydrogen and antihydrogen. A description of the hydrogen
trap and laser system being built in Rio, to trap and perform high resolution spectroscopy on
cold hydrogen, is presented along with a discussion on the techniques and experimental system
being implemented by the ATHENA collaboration at CERN to produce cold antihydrogen. A new
technique to make a cold antihydrogen beam is proposed.

I Introduction

CPT invariance can be derived from very general prin-
ciples of relativistic quantum �eld theories and its con-
servation theorem has been proved in at space-time[1].
The combined operation of charge conjugation (C),
space reection (P) and time reversal (T) should rep-
resent an exact symmetry of nature. By testing CPT
invariance, one is testing the correctness of the descrip-
tion of the microscopic world in terms of the exhisting
�eld theory; one is testing the Standard Model [2]. In
what concerns antimatter, it predicts that particles and
antiparticles shall have equal masses and lifetimes, as
well as equal (but opposite) charges and magnetic mo-
ments. For (anti)atomic systems the predictions are
that the levels' energies and lifetimes should be the
same for the conjugate species. To date, no CPT viola-
tion has been experimentally observed. Precision tests
of CPT violation include measurements of the di�er-
ence between the magnetic moments of the electron and
positron and the di�erence between the charge-to-mass
ratio of the proton and antiproton. Nevertheless, the
most precise test (10�18 accuracy)[3], though model de-
pendent, comes from the comparison between the mass
of the neutral kaon and antikaon (see Fig. 1).

Precision measurements with the simplest antiatom
that could be produced at low energies would repre-
sent a more vigorous, model-independent test of CPT
invariance. Moreover, the availability of these slow
antiatoms would prompt experiments to compare the
gravitational accelerations of hydrogen and antihydro-
gen, a direct test of the Weak Equivalence Principle

(WEP): for given initial conditions, neglecting spin ef-
fects, equal bodies follow the same trajectories [4]. If
this principle does not hold under experimental veri�-
cation, General Relativity will have to be revised. A
direct measurement of the gravitational acceleration of
hydrogen and antihydrogen would address an old and
renewed question on the possibility of antigravity[5] or
a WEP breakdown[6], an issue that still lacks experi-
mental observation. The challenge is to produce suit-
ably cold antihydrogen.

Figure 1. Comparison between precision tests of CPT in-
variance. See text for discussion.

Antihydrogen is believed to have been �rst pro-

duced and detected in 1996[2], in a team experiment

held at CERN's LEAR (Low Energy Antiproton Ring).

The basic idea is that an antiproton passing through
the Coulomb �eld of a nucleus will create an electron-

positron pair. Ocasionally the antiproton will capture



204 D.M. Silveira et al.

a positron from the produced pair and form a fast mov-

ing antihydrogen atom. In the CERN experiment, the

xenon atoms (the target) were shot from a gas-jet noz-

zle across the path of the antiprotons as they circulated
around LEAR. Antihydrogen was detected through the

annihilation of the antiatoms' positrons with the elec-

trons of a silicon target, with the emission of a charac-

teristic photon pair detected by a set of surrounding NaI
calorimeters. Additional measurements down the line

on the stripped antiprotons eliminate all but antihydro-

gen events. Though it was nice to observe antihydrogen

for the �rst time, very little could be done on the study

of its properties as the few antiatoms produced (nine
counts could be assigned to antihydrogen) travelled a

few nanoseconds before annihilation. Later on, antihy-

drogen was produced in larger amounts at Fermilab[7].

For a comprehensive study of its properties, antihydro-
gen has to be produced with much less speed and in

much greater numbers.

This is the challenge posed to the ATHENA

collaboration[4]: the production of antihydrogen in a
novel way so as to get very low energy antiatoms

suitable for high precision measurements. All the in-

gredients to form antihydrogen are at hand. Since

the early 80's steady progress has been made in cool-
ing and trapping neutral atoms; in particular, ultra-

cold gaseous samples of spin-polarized atomic hydro-

gen have been studied with high precision through two-

photon Doppler-free laser spectroscopy on the 1S-2S

transition[8]. Recent advances in capture, cooling and
trapping of positrons and antiprotons make it feasible

to propose recombination schemes with the aim of form-

ing cold antihydrogen.

In this paper we address some of the experimen-

tal issues involved in this research, its current status

and propose a new method to generate a cold anti-

hydrogen beam. In section II we present the current

status of trapped hydrogen research and our appara-
tus using the bu�er gas loading technique and the laser

system for spectroscopy. In section III we discuss the

ATHENA approach and current status on antiprotons

and positrons trapping and recombination schemes for
antihydrogen production. Section IV discusses the inte-

gration of these aspects and physics experiments, con-

cluding in section V.

II Trapped atomic hydrogen

and laser spectroscopy

Bose-Einstein condensation (BEC) was the main driv-

ing force behind research with cold hydrogen, as it had

been predicted that spin-polarized hydrogen would re-
main in atomic form down to T = 0 K[9]. The �rst

magnetic trapping of atomic hydrogen was done at MIT

in 1987[10] using an evacuated cell cooled by a 3He-4He

dilution refrigerator and covered with superuid helium

within an inhomogeneous magnetic �eld. Molecular hy-

drogen, frozen on the walls, is desorbed and dissociated
by a RF discharge. The resulting hydrogen atoms can

lose energy and bounce o� the weakly binding helium

�lm, on the cell walls. The slow atoms are then magnet-

ically trapped through the interaction of its magnetic
dipole moment � with the external inhomogeneous �eld

B. In the presence of external �elds, the atoms' energy

levels split into hyper�ne levels whose energy increase or

decrease with the applied �eld. Since Maxwell's equa-

tions forbid the creation of a point of �eld maximum in
a source-free region, one can trap atoms whose energy

increase with increasing �eld in a point of �eld mini-

mum; atoms in such states are called `low-�eld seekers'.

That same year the group at MIT was able to test

the proposal[11] of forced evaporative cooling achiev-

ing temperatures as low as 1 mK[12]. This technique
eliminates the high energy atoms, which are continuosly

being generated by collisions within the thermal sam-

ple. The removal of excess energy causes the sample

to thermalize at ever lowering temperatures. Typically
one loses one order of magnitude in atom number while

gaining two orders of magnitude in the decrease of the

temperature. A new and larger trap was built[13] and

the MIT group got to temperatures as cold as 100 mK

and densities as high as 5 x 1013cm�3. Bose-Einstein
condensation could not be seen in the system due to the

lack of a good detector. It was then invested a large ef-

fort in developing the laser and optical system for the

detection of the trapped atoms using the 1S-2S transi-
tion, to be used as a detection scheme for BEC and for

the interest of spectroscopy on this fundamental atom.

A few years later, in 1995, the MIT group[8] was

able to perform laser spectroscopy on the trapped

atoms at 400 �K achieving a record high resolution of

2 parts in 1012 at the time. In a recent publication,
Cesar and Kleppner[14] showed how, in this low energy

regime, one can avoid time-of-ight broadening, which,

along with the second-order Doppler e�ect, is the dom-

inant broadening mechanism of today's state-of-the-art

hydrogen atomic beam[15]. But either as a frequency
standard or as a portable reference trap for comparisons

with antihydrogen, the MIT trap is too complicated and

costly to be a viable option. Other trapping strategies

have to be developed to make it less complex and more
reliable.

One of the most important parameters of a magnetic
trap is its depth, the di�erence between the potential

(or the �eld) on the edge and on the bottom of the

trap. Despite the amazing development of supercon-

ductors and permanent magnets technology, it remains
a challenge to create traps deeper than 3-4 T, which

corresponds to 2.5 K for a 1 �B-dipole moment atom,
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like hydrogen. It is clear that the atoms that are to

be trapped must undergo some kind of pre-cooling so

that its energy is lowered to a point where the gaseous

sample can be con�ned by the magnetic trap. This has
been made basically by either of two techniques: laser

cooling { which works �ne for alcaline atoms with a

simple scheme of energy levels and laser-friendly, easily

accessible transitions { or thermalization with a thin
superuid liquid 4He �lm, which is well suited only for

hydrogen. Despite huge e�orts in extending the range

of applicability of optical techniques, most of the ele-

ments of the periodic table (as well as molecules) remain

untouchable by those techniques.

A. Bu�er gas loading

Bu�er gas loading of magnetic traps is an alter-

native technique that proved to be widely applicable.
Proposed[16] and demonstrated[17] by John Doyle's

group at Harvard, it was employed to magnetically trap

large amounts of molecules[18], a result never achieved

before. The basic idea is to cool the gaseous sample

through elastic collisions with the cold bu�er gas in
the regime of large Knudsen's number, i.e., the mean

free path much shorter than the cell dimensions. The

bu�er gas { typically 3He or 4He which have reasonably

high vapour pressure in the sub-kelvin region { is main-
tained in a cryogenic cell at temperatures below 1 K.

In Doyle's trap this temperature is obtained through

a thermal link between the experimental cell and the

mixing chamber of a dilution refrigerator.

Atoms can be introduced into the cell by either a RF
discharge that desorbs atoms frozen on the cell walls or

by laser ablation of a solid lump. For hydrogen, a low

temperature RF pulsed discharge would be preferred,

since the molecular hydrogen snow is spaced thorough
the cell walls. Atomic uxes of 1012 s�1 and tempera-

tures no greater than 103 K are typical values for such

discharges. The bu�er gas serves the purpose of re-

ducing the atoms' kinetic energy while keeping them

away from the cell walls where they would stick. Since
the technique relies only on elastic collisions and not

on cyclic optical transitions it is of general application

and can be employed to trap large amounts of more

than 70% of the atoms (those with � � 1 �B), as well
as molecules. Its eÆciency depends on the ratio of the

magnetic energy depth to the sample's initial loading

temperature.

Although the dilution refrigerator allows the cell to

be kept at temperatures as low as 100 mK, it is expen-
sive, fairly large and it is not an user-friendly equip-

ment. Pumping on liquid 4He one can reach beyond

the superuid transition at 2.2 K, or �-point. A typical

1 K pot cryostat regulates its temperature at 1.3 K,
where the vapour pressure is enough to allow eÆcient

removal of latent heat of evaporation to compensate for

the heat conduted by the superuid from hotter areas

and for cooling the cell. Estimating the eÆciency of

bu�er gas loading in a 1 K pot environment one �nds

a lower performance than with the dilution refrigerator
but still adequate for the second phase of the ATHENA

experiment, where the trapped hydrogen will serve as

a reference for spectroscopic comparison with the an-

tihydrogen. The added bene�ts of the 1 K pot are in
cost, complexity and turn around time.

B. The apparatus in Rio

In Rio we are setting up an apparatus with a 1 K

pot to perform bu�er gas loading and magnetic trap-

ping of paramagnetic atomic and molecular species {

including atomic hydrogen { with the aim of further
cooling the trapped samples through forced evapora-

tive cooling[11]. The cell and the 1 K pot are con-

tained inside the magnetic trap consisting of a spherical

quadrupole type: two superconducting NbTi coils in an

anti-Helmholtz arrangement. Field is zero at the trap
center and rises in all directions; the trap center is a

3D magnetic �eld minimum and it's around this point

that the atoms remain trapped. The magnet cask is a

titanium single piece, designed to withstand the brutal
repulsion forces of a pair of 100 A opposing coils, and

it is completely immersed in liquid helium. The whole

experiment (cell, 1 K pot, superconducting magnet, liq-

uid helium reservoir) is contained in a specially designed

cryostat as depicted in Fig. II. It features a liquid ni-
trogen reservoir { to reduce thermal conduction to the

liquid helium { and a highly conducting, low emissivity

metallic shield thermally anchored at 77 K, to protect

the helium environment from the 300 K black-body ra-
diation. Optical access to the cell is through a series of

optical windows.

Bu�er-gas loaded, magnetically trapped atomic hy-

drogen is also very interesting from the metrology

point-of-view. Besides building a system for direct com-
parison of the 1S-2S transition in hydrogen and antihy-

drogen, we plan to build another system to be used as

an optical frequency standard based on this same tran-

sition. To date, the most precise optical frequency mea-

surement was made in hydrogen atomic beams through
phase-coherent comparison to a cold Cs atomic foun-

tain clock [15]. The trapped hydrogen-based system has

potential for much higher resolution than the atomic

beam-based spectrometer at Garching.

Magnetic trapping and forced evaporative cooling of
atomic species other than hydrogen or alcaline-metal -

as well as molecules - are also being pursued in our

laboratory. Our �rst attempts shall employ high mag-

netic moment species, like europium. For most species,
it is reported that laser ablation is much more ap-

propriate than RF discharges [17]; for this we use a
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pulsed Nd:YAG laser source. After loading and trap-

ping, forced evaporative cooling shall be performed to

reduce the sample's temperature from 1 K to the �K

range. We are specially interested in sympathetic evap-
oration, where cooling of one species for which evapo-

ration works �ne leads to cooling of another (simulta-

neously trapped) species which is not suited for evapo-

ration.

Figure 2. Depiction of the 1 K cryostat. See text for dis-
cussion.

C. The laser system for spectroscopy

Atomic hydrogen has proved to be a great labo-
ratory for tests of the most basic theories of Physics.

Recent spectroscopic measurements on the 1S-2S tran-

sition has had implications on the measurement of the

Lamb shift[19] and on corrections to QED[20]. This

transition is accessed with laser radiation at 243 nm
which can be produced by frequency doubling from a

dye laser at 486 nm as is done at MIT and will be

pursued at ATHENA, or by frequency quadruplicating

from a Ti:saphire laser, as we are implementing in Rio.
The choice for this laser system was dictated by the

need of exibility to access di�erent atomic and molec-

ular species in our own experimental program. It con-

sists of a comercial (Coherent, Inc.) Argon Ion laser

whose output of up to 28 W is used to pump a Co-
herent 899-21 Titanium:saphire laser which has its fre-

quency doubled twice. The Ti:saphire laser oscilates in

the range of 700 nm to 1100 nm. Typical peak power

at 15 W of pump power is 0.6 W, CW single mode,
at 972 nm. For the �rst doubling stage we employ an

external enhancement cavity and a KNbO3 crystal, as

schematically shown in Fig. 3. Potassium Niobate has

optical transparency ranging from 400 to 4500 nm. It

presents the largest non-linear coeÆcients of all comer-
cially available inorganic material (d31 = -15.8 pm/V,

d32 = -18.3 pm/V) and, with its negative biaxial struc-

ture, is suitable for a wide variety of temperature-tuned

type I non-critical phase-matching (NCPM) and type
II, angle tuned, phase-matching con�gurations. It es-

sentially allows one to cover SHG from 860 nm to well

beyond the Nd:YAG wavelength (1.064 mm). We were

already generating blue light while scanning the cav-

ity and we will try a new proposed method to lock the

doubling cavity[21] (see Fig. 3) after the laser's \intra-
cavity assembly" is repaired at the manufacturer. This

laser system will serve for studying other atomic and

molecular species as well.
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Figure 3. Schematics of the �rst optical frequency dou-
bling cavity, showing the lock scheme. The crystal at use is
KNbO3.

The unusually long lifetime of the metastable 2S
level (122 ms) makes it possible, at least theoretically,

for one to measure the 1S-2S energy di�erence with a

10�18 accuracy, provided the (anti)atoms are trapped

and cold. The excitation of the 1S-2S transition is per-
formed by two-photon absorption. The 2S state can

be quenched by a small electric �eld which causes a

mixing with the 2P state resulting in the emission of

a Lyman� photon, which is typically detected in a mi-

crochannel plate followed by an amplifying stage and
counting system. For the antihydrogen one can use dif-

ferent schemes relying on the annihilation signal. As

proposed by P. Bowe and J. Hangst[22] one could use

photoionization of the excited atom and electrically re-
ect back the antiparticles while letting the non-excited

antiatoms go straight onto an annihilation wall. Or, in

the case of trapped antihydrogen, the Lyman� decay

also leads, sometimes, to a change of spin state, causing

the atoms to be expelled from the trap and the anihi-
lation signal to be seen, as proposed by one of us[23].

III Towards cold antihydrogen

In the last years researchers working at accelerators

have succeded in developing new methods for manip-
ulating antiparticles. Antiprotons and positrons have

been captured, slowed and stored for long times in elec-

tromagnetic traps; techniques for creating antimatter

beams were also devised. Some of these methods are
employed in the ATHENA experiment to pursuit the

formation of atomic hydrogen.
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In CERN's LEAR, antiprotons have been captured

and cooled to meV energies by suitable methods. The

same schemes are used with CERN's new antiproton

machine, the Antiproton Decelerator (AD). The An-
tiproton Decelerator (AD) started delivering antipro-

tons to the experiment by mid of 2000. Soon after

the ATHENA team reported capture of antiprotons.

After being slowed down in a beam counter, the an-
tiprotons pass a foil degrader with adjustable e�ective

thickness (a split Si photodiode - for reference and cen-

tering of the beam) and enter the appropriate Penning

trap, which had been previously �lled with electrons.

As antiprotons oscillate back and forth in the trap they
loose their energy through Coulomb collisions with the

electron cloud. This capture process can be repeated

several times without losing trapped antiprotons, thus

enhancing the total number of antiprotons to be used
in the experiment. With the dump signal from the trap

the foil thickness could be varied for optimization. The

vacuum conditions in this �rst run of ATHENA was

not in a great shape and the lifetime of the antiparti-

cles are directly a�ected by anihilation with the back-
ground gas. Typically the sample could last for hours

in a ideal vacuum conditions. In the experimental con-

dition shown the sample lifetime was reduced to 10 s.

Obviously this can be improved and one of the ma-
jor factors is the temperature of the cold nose of the

experiment which was high and this problem is being

addressed for the 2001 run.

A second important step towards the goals of

ATHENA is the production of slow positrons. These
low energy positrons (kinetic energies in the MeV

range) are available in a controlled way either from

radioactive sources or from pair production from

bremsstrahlung. Their energies can be further re-
duced upon penetration into a moderator. Low energy

positrons are readily slowed to the thermal level and a

fraction of it is spontaneously emitted in vacuum either

as free positrons or as positronium. Positron accumu-

lation for ATHENA has been achieved by the Swansea
group with the newly built positron accumulator fol-

lowing a design by C. Surko's group at U.C. San Diego.

This design uses a 22Na source onto which surface is

deposited a thin layer of solid neon (moderation eÆ-
ciencies as high as 10�3), at cryogenic temperatures.

This system provides the best demonstrated source of

thermal positrons. After the source and following the

magnetic �eld lines the positrons encounter di�erent

regions with a varying pressure of N2 serving as a ther-
malizing bu�er gas and as a dissipation mechanism for

loading the positron Penning trap. After initial trap-

ping, bu�er gas pressure is reduced to allow long storage

times. As a typical value achieved in 2000, an excess
of 4x106 positrons were trapped. The positrons cou-

ple radiatively (via cyclotron radiation) and inductively

to the wall and they quickly thermalize with the walls

temperature. This system will be improved by over an

order of magnitude this year mainly by the use of a

stronger source.

The third major step in the ATHENA experimen-
tal scheme is the transfer of the cold positrons to the

recombination trap next to the antiproton trap. This

is achieved by an electric kick on the positrons and the

simultaneous openning of a vacuum valve and the puls-
ing of the \transfer magnet". While there was a signal

clearly indicating the transfer of the positrons to the an-

tiproton region, with an eÆciency of about 25%, there

was no attempt to retrap these particles. This process

is being pursued now at CERN.

A fourth major ingredient is the antiparticle anihi-
lation detector. Built with a concentric layer of 192

CsI crystals whose scintilation signals are detected by

a photodiode, and two layers of Si-strip detectors, this

detector assembly, with its integrated electronics can
work at liquid Nitrogen temperature and is able of pro-

viding vertex reconstruction for an anihilation event

with 100�m radial resolution and 0.7 mm axial reso-

lution. This detection system should provide the ex-

periment with an unambiguos antihydrogen detection.
The detector has been fully calibrated and no major

improvement is required for this year's run.

The major milestone eagerly pursued by the

ATHENA experiment in the next years is the formation

of low-energy antihydrogen. There are a few schemes
which can be pursued for this recombination and we

still don't know of all the details on their outcome.

Whatever recombination method is used, it must yield a

suÆcient number of antiatoms for spectroscopy, prefer-

ably at low temperatures (T > 1 K should be avoided
since this would require prohibitevely high magnetic

well depths). These atoms should also be produced

in the ground state or in a low-lying excited state and

the whole process should happen within a short time
period.

The basic idea from the ATHENA team is to shoot
the antiprotons in a controllable fashion on the positron

cloud in such a way that they would stop in the mid-

dle of it (see Fig. III) . They would then drift slowly

through the positron cloud, in a non-trapped con�gu-
ration, until they recombine or scape and are recycled

back to the antiproton trap. This procedure could,

in principle, be repeated many times. This method

will certainly ensure the mixing of the two species at

the lowest possible relative velocities therefore garan-
teeing the best possible recombination rate for a spon-

taneous recombination process. To form a bound state

of positron and antiproton starting from free particles,

momentum and energy balance requires the presence of
a third body. Spontaneous recombination can thus be

described as:
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e+ + p! H + h�; (1)

There are a few unknowns in this scheme which

will be studied experimentally. The �rst is how ef-

�ciently can one cycle back the antiprotons and eÆ-
ciently keep them cold. The second is how much of

the magnetron motion from the positron cloud will get

transfered to the antiprotons and therefore get trans-

fered to the formed antihydrogen. In principle, the ro-
tating energy of the positron plasma is much larger

than its quoted temperature. If all this energy gets

transferred into kinetic energy of the recombined anti-

hydrogen the chance of ever capturing enough of these

in a magnetic trap is minimal, due to the low magnetic
energy. On the other hand, if a very small fraction,

or none, of this energy is transfered, the antihydrogen

will come out of the positron cloud in all directions but

with small energy. This is not an ideal situation for any
imaginable experiment that will have to rely on long in-

teraction times and good detection collection eÆciency.

A much better situation would be to have an atomic

beam. In view of this desire we have proposed a sim-

ple scheme to generate an antiatomic beam as we now
explain.

A. Forming an atomic beam

With many centimeters of trap dimension we have

enough space to allow the positron cloud to travel with

a constant speed while the antiprotons are coming to-

wards it. The most probable situation for recombina-
tion will be when the antiprotons are at rest in the mov-

ing positron cloud frame. Once the neutral antiatom is

formed it is not dragged by the positrons anymore. The

positrons are electrically stopped upstream while the

antihydrogen may continue travelling as a cold atomic
beam. Once the non-recombined antiprotons are re-

captured back at its original trap the procedure can be

repeated again. One could expect, therefore, a pulsed

atomic beam operation. If one considers a 10 K energy
atomic beam for a laser excitation experiment, for ex-

ample, the typical speed required for the positron cloud

and the outgoing antihydrogen atoms is about 400 m/s.

If the whole process is to last a few miliseconds, the

space required for the positron cloud to move is about
half a meter. The controlled movement of the positron

cloud could be made adiabatically by the use of mul-

tiple electrodes and the control electronics is trivial to

build since it is a slow system.

If such a beam can be made, a few imediate exper-

iments come to mind. First we could easily study the

angular dispersion of the beam just by looking at the
anihilation signal at a far away wall closely surrounded

by a detector. Secondly, by varying the speed of moving

positron cloud and the length of time, one will certainly

be able to estimate pretty well the energy distribution

of the formed antihydrogen. Thirdly, knowing the en-

ergy distribution one can easily consider the feasibility
of performing laser spectroscopy on the 1S-2S, using

the photoionization method mentioned above. Finally,

one can also attempt to look for antigravity by the de-

viation of the cloud from the trajectory that would be
initially followed by the positrons and antiprotons along

the magnetic �eld lines, by simply turning o� the re-

ection electric potential.

Figure 4. One of the possible recombination schemes to be
used for the formation of antihydrogen.

IV Physics with cold antihydro-

gen

As pointed out in the introduction, the main goal of

the ATHENA experiment is to test CPT invariance as

precisely as possible. This will be possible at a level

of parts in 1010 as soon as ATHENA succeds in pro-
ducing a cold atomic beam at the energy conditions

discussed above and with the excitation and detection

of a few hundred antiatoms. Higher precision is forseen

in phase II, when the plan is to trap the cold antihy-

drogen. Later on, a cooling scheme will be pursued.

Antihydrogen atoms produced at low temperatures
are very interesting for gravitational tests. The mea-

surement of the gravitational properties of antihydro-

gen is a direct test of the Weak Equivalence Prin-

ciple (WEP), the cornerstone of General Relativity.

The most stringent WEP test to date was performed
by comparing the accelerations of di�erent types of

matter[24], with a precision of 1 part in 1011, but no

direct test of WEP has ever been performed using anti-

matter. A famous experiment[6] has measured directly
the gravitational acceleration of electrons, but its re-

sults were found to be inconclusive because charged

particles are very sensitive to stray electric �elds. It

has been suggested[5] that antimatter may behave dif-

ferently from matter in a gravitational �eld. A direct
test of WEP on antiparticles is of fundamental rele-

vance, and antihydrogen is the ideal candidate: not

only is it neutral but also much more massive than

positrons.There are currently some proposals for exper-
iments to measure the gravitational acceleration of an-

tihydrogen from collaboration members[25]. It is clear
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that, if any of these experiments should ever be per-

formed, it will not be as precise as CPT tests. Nev-

ertheless, it is of fundamental importance to observe

whether antimatter falls down with the same accelera-
tion as matter or with a di�erent acceleration or even

if antimatter is repelled from ordinary matter; in this

latter case, one could talk about antigravity.

V Conclusion

In this paper we presented our contributions to the

ATHENA experiment, which has been running for

about one year. This collaboration is aimed at produc-

ing antihydrogen at low energies suitable for high preci-
sion tests of CPT invariance. Tests will rely on the com-

parison between the 1S-2S transition in hydrogen and

antihydrogen, studied through Doppler-free laser spec-

troscopy. We also described the idea of using the bu�er
gas technique for loading hydrogen into magnetic traps

using a simple 4He-pumped system. This system is un-

der implementation in Rio, in order to make a portable

reference hydrogen trap for comparison with antihydro-

gen. Theoretical implications of the experiment include
not only CPT violation { a test of the Standard Model

{ but also direct tests of the gravitational coupling to

antimatter, a test of the Weak Equivalence Principle, a

cornerstone of General Relativity.
Just how well will ATHENA do in this comparison,

is too early a question. Nature and our scienti�c re-

sources should still have much to say about this very

challenging and interesting experiment!
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