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Precision studies of antihydrogen might shed light on one of 
the most tantalizing mysteries in physics: the asymmetry of 
matter-antimatter abundance in the Universe. The ALPHA 
collaboration performs measurements that will soon enter 
an uncharted regime of precision in the comparison of an-
timatter and matter comprising tests of the CPT (charge 
conjugation, parity inversion and time reversal) symmetry. 
These studies were but a dream two decades ago, motivat-
ed by impressive results in trapped and cold beam hydrogen 
laser spectroscopy [1,2] – reaching parts in 1012 resolution 
– and long lifetime trapping of antiprotons at CERN [3,4], 
as the object of study, cold antihydrogen, did not exist. High 
precision spectroscopy requires a long interaction time of 
the species with the radiation, thus the aim to produce cold 
and trapped anti-atoms.

The ATHENA collaboration, housed at CERN’s Antiproton 
Decelerator (AD), announced in 2002 the first production of 
low energy anti-atoms [5] synthesized from its constituents, 
trapped antiprotons and positrons. The TRAP collaboration 
soon followed up. Trapping of antiprotons, electrons used to 
cool the antiprotons, and positrons is achieved through Pen-
ning-Malmberg traps (for a review see Ref. [6]) consisting of 
a uniform solenoidal magnetic field – confining the particles 
radially – and cylindrical electrodes where potentials confine 
the particles axially. ATHENA employed an imaging annihi-
lation detector, consisting of silicon strip detector – able to 
detect pions from the antiproton annihilation and reconstruct 

the vertex of the annihilation – and CsI crystals sensitive to 
the 511 keV gammas resulting from positron-electron an-
nihilation. Other diagnostics tools employed include MCP, 
Faraday cup, and non-destructive image charge plasma 
detection. After that milestone, the effective temperature of 
the sample was inferred at > 100 K, too high to allow for 
trapping as the magnetic energy of a ground state (anti)hy-
drogen atom changes 0.67 K per Tesla.

In 2006 the ALPHA collaboration emerged from ATHENA 
and continued this work with a new apparatus superimpos-
ing a magnetic trap to the Penning trap. A magnetic trap re-
quires an inhomogeneous field with a minimum magnitude 
in free space. Acting upon the magnetic dipole moment of 
the atom, with energy W = - µ · B, it can provide confinement 
of the atom if the magnetic moment is antiparallel to the field 
and the atom has a low kinetic energy, not to overcome the 
potential barriers. A common magnetic bottle configuration 
is the Ioffe-Pritchard trap, employing two Helmholtz mirror 
coils in the axis and a quadrupole field for radial confine-
ment. For the synthesis and trapping of antihydrogen there 
is a need to trap the charged particles – requiring more ho-
mogeneous fields – and the neutral atoms simultaneously. 
ALPHA designed an Ioffe-Pritchard configuration with an 
octupole replacing the quadrupole. For trapping we needed 
further cooled species and a way to gently inject, with low 
speed, the antiprotons towards the positron cloud. Evapora-
tive cooling [7] provided the necessary cooling. In the nest-
ed Penning trap configuration [8], cold antiprotons sit in a 
potential well neighboring the cold positron well, as different 
charges cannot be confined in the same well using static 
fields. ALPHA used first an autoresonance method, explor-
ing the anharmonicity of the potential well by a strong drive 
radio-frequency sweeping, to inject the antiprotons into pos-
itrons. With that, ALPHA demonstrated the first trapping of 
antihydrogen [9] with 38 annihilation events as the magnetic 
trap was shut-off 0.17 s after mixing antiprotons and posi-
trons. Later, a time delayed experiment was repeated where 
the trap was held for various times and then released. This 
showed trapping times longer than 1000 s, enough time to 
perform experiments. After this success a new apparatus 
was built incorporating optical windows for lasers access 
and separating the initial catching of antiprotons from the 
atom trap, towards a future accumulation and stacking of 
trapped antiprotons.

With stably trapped atoms, measurements can be per-
formed. Being an exotic species, all physical quantities 
should be tested, including the charge neutrality of the an-
ti-atom. Two experiments were performed, one where an 
electric field would deflect any residual charge to the left or 
to the right but would not deflect a neutral atom, and a sec-
ond one where a stochastic field acceleration – kicks – would 
heat up and evaporate the anti-atoms if they had a residual 
charge. The results [10] are compatible with a null charge to 
0.7 ppb of the electron charge which, combined with other 
measurements, yields a limit for the positron charge anom-
aly /q e e 1ppb<e -

+ . An improvement in the trapping rate 
achieved in the 2016 run, by abandoning the AR mixing and 

Fig. 1: Spectrum of the 1s-2s transition in cold trapped hydrogen at 
MIT (circa 1995) with a resolution of ~ 2 kHz [1]. The antihydrogen 
work is inspired by this spectrum to reach a frequency comparison 
between the atom and the anti-atom to 15 significant digits.
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going back to a primordial way of slowly merging the anti-
proton sample into the positron cloud by lifting its potential 
barrier, raised the rate of trapping by one order of magnitude 
and stacking was demonstrated [11]. Microwaves resonant 
with hyperfine transitions can induce a spin-flip leading to 
an immediate loss from the trap. This allowed a microwave 
spectrum and a measurement of the hyperfine constant [12] 
of antihydrogen consistent in 4 digits with that of hydrogen. 
And, finally, the era for high precision laser spectroscopy of 
antimatter has started. The first experiment demonstrated 
excitation of the 1S-2S transition in antihydrogen [13]. The 
frequency values involved show a consistency with that of 
hydrogen to parts in 1010.

We now pursue a spectral lineshape on the 1S-2S transition. 
Given the experimental conditions a comparison of the anti-
hydrogen and hydrogen frequencies to parts in 1012 may be 
achievable by 2018. This precision enters unexplored terri-
tory in CPT tests. Improvements will require further cooling 
– with ideas ranging from microwave [14] to Lyman-alpha 
cooling [15] – and enhancing the number of trapped atoms. 
Looking ahead, a possibility to trap hydrogen [16] in the 
same trap as antihydrogen and thus perform spectroscopy 
on both species in the same environment should enable a 
direct comparison with precisions of parts in 1015 and be-
yond [17]. Whether the CPT symmetry will hold true at these 
levels and whether gravity acts the same way – probed by 
“red shift” on the frequency and by ballistic experiments – on 
antimatter atoms, only nature knows. As experimenters with 
this exotic species at hand it is our duty to properly inquire 
nature’s responses.

Colleagues in the ATHENA and ALPHA collaborations and 
the CERN AD team are acknowledged for all this fantastic 
team work.
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The last two years saw the opening of a new window for 
exploring the Universe thanks to the first direct detection of 
gravitational waves. Gravitational waves have been predict-
ed by Albert Einstein himself in the framework of his theory 
of general relativity. He first mentioned them in a paper ap-
peared in 1916 and then in 1918 he wrote a paper with the 
title: “On gravitational waves” [1, 2]. Einstein, however con-
cluded that it would be impossible to detect them. Einstein 
proved to be wrong: gravitational waves were detected in 
2015 and on 3 October 2017 it was announced that the this 
year Nobel prize for physics will be awarded for their discov-
ery to Rainer Weiss, Barry Barish and Kip Thorne.

In the sixties, Joseph Weber started designing and building 
the first gravitational wave detectors now known as Weber 
bars. However, their sensitivity was far too low to see any 
signal. The first indirect evidence for the existence of grav-

itational waves came with the discovery in 1974 of the first 
binary pulsar by Hulse and Taylor. In 1979, results were 
published detailing measurement of the gradual decay of 
the orbital period of the pulsar, which fitted precisely with 
the loss of energy and angular momentum in gravitational 
radiation (through gravitational waves) predicted by general 
relativity.

After many decades in developing bar detectors and then 
later on interferometers to detect gravitational waves, the 
first direct detection has been made in 2015 by the two 
Advanced LIGO (Laser Interferometer Gravitational Wave 
Observatory) detectors. LIGO was founded in 1992 by Kip 
Thorne (Professor at Caltech, born in 1940) and Ronald 
Drever (who passed away in March 2017), both at Caltech 
and Rainer Weiss (Professor emeritus at MIT, born in 1932) 
of MIT. LIGO consists of two observatories in the US which 


