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1S-2S : The most precisely determined transition

Spectroscopy of hydrogen atoms has been the chief experimental basis for 
theories of the structure of matter.
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Δf/f ~4×10-15 (Δf ~10 Hz) 
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Trapped antihydrogen
G. B. Andresen1, M. D. Ashkezari2, M. Baquero-Ruiz3, W. Bertsche4, P. D. Bowe1, E. Butler4, C. L. Cesar5, S. Chapman3,
M. Charlton4, A. Deller4, S. Eriksson4, J. Fajans3,6, T. Friesen7, M. C. Fujiwara8,7, D. R. Gill8, A. Gutierrez9, J. S. Hangst1,
W. N. Hardy9, M. E. Hayden2, A. J. Humphries4, R. Hydomako7, M. J. Jenkins4, S. Jonsell10, L. V. Jørgensen4, L. Kurchaninov8,
N. Madsen4, S. Menary11, P. Nolan12, K. Olchanski8, A. Olin8, A. Povilus3, P. Pusa12, F. Robicheaux13, E. Sarid14, S. Seif el Nasr9,
D. M. Silveira15, C. So3, J. W. Storey8{, R. I. Thompson7, D. P. van der Werf4, J. S. Wurtele3,6 & Y. Yamazaki15,16

Antimatter was first predicted1 in 1931, by Dirac. Work with high-
energy antiparticles is now commonplace, and anti-electrons are
used regularly in the medical technique of positron emission tomo-
graphy scanning. Antihydrogen, the bound state of an antiproton
and a positron, has been produced2,3 at low energies at CERN (the
European Organization for Nuclear Research) since 2002.
Antihydrogen is of interest for use in a precision test of nature’s
fundamental symmetries. The charge conjugation/parity/time
reversal (CPT) theorem, a crucial part of the foundation of the
standard model of elementary particles and interactions, demands
that hydrogen and antihydrogen have the same spectrum. Given
the current experimental precision of measurements on the hydro-
gen atom (about two parts in 1014 for the frequency of the 1s-to-2s
transition4), subjecting antihydrogen to rigorous spectroscopic
examination would constitute a compelling, model-independent
test of CPT. Antihydrogen could also be used to study the gravita-
tional behaviour of antimatter5. However, so far experiments have
produced antihydrogen that is not confined, precluding detailed
study of its structure. Here we demonstrate trapping of antihydro-
gen atoms. From the interaction of about 107 antiprotons and
7 3 108 positrons, we observed 38 annihilation events consistent
with the controlled release of trapped antihydrogen from our mag-
netic trap; the measured background is 1.4 6 1.4 events. This result
opens the door to precision measurements on anti-atoms, which
can soon be subjected to the same techniques as developed for
hydrogen.

Charged particles of antimatter can be trapped in a high-vacuum
environment in Penning–Malmberg traps, which use axial electric
fields generated by hollow cylindrical electrodes and a solenoidal mag-
netic field to provide confinement. The ALPHA apparatus, located at
the Antiproton Decelerator6 at CERN, uses several such traps to accu-
mulate, cool and mix charged plasmas of antiprotons and positrons to
synthesize antihydrogen atoms at cryogenic temperatures. ALPHA
evolved from the ATHENA experiment, which demonstrated produc-
tion and detection of cold antihydrogen at CERN in 20022.

In addition to the charged particle traps necessary to produce anti-
hydrogen, ALPHA features a novel, superconducting magnetic trap7

(Fig. 1) designed to confine neutral antihydrogen atoms through inter-
action with their magnetic moments. The atom trap—a variation on
the Ioffe–Pritchard minimum-magnetic-field geometry8—comprises
a transverse octupole9,10 and two solenoidal ‘mirror’ coils, and sur-
rounds the interaction region where antihydrogen atoms are pro-
duced. In comparison with a quadrupole field (used in traditional
atom traps) producing an equal trap depth, the transverse field of an

octupole has been shown to greatly reduce the perturbations on
charged plasmas9,10. The liquid helium cryostat for the magnets also
cools the vacuum wall and the Penning trap electrodes; the latter are
measured to be at about 9 K. Antihydrogen atoms that are formed with
low enough kinetic energy can remain confined in the magnetic trap,
rather than annihilating on the Penning electrodes. The ALPHA trap
can confine ground-state antihydrogen atoms with a kinetic energy, in
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Figure 1 | The ALPHA central apparatus and mixing potential.
a, Antihydrogen synthesis and trapping region of the ALPHA apparatus. The
atom-trap magnets, the modular annihilation detector and some of the
Penning trap electrodes are shown. An external solenoid (not shown) provides
a 1-T magnetic field for the Penning trap. The drawing is not to scale. The inner
diameter of the Penning trap electrodes is 44.5 mm and the minimum-
magnetic-field trap has an effective length of 274 mm. Each silicon module is a
double-sided, segmented silicon wafer with strip pitches of 0.9 mm in the z
direction and 0.23 mm in the w direction. b, The nested-well potential used to
mix positrons and antiprotons. The blue shading represents the approximate
space charge potential of the positron cloud. The z position is measured relative
to the centre of the atom trap.
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temperature units, of less than about 0.5 K. The extreme experimental
challenges are to synthesize such cold atoms from plasmas of charged
particles whose electrostatic potential energies can be of order 10 eV—
or 105 K—and to unequivocally identify rare occurrences of trapped
antihydrogen against background processes.

The ALPHA apparatus is designed to demonstrate antihydrogen
trapping by releasing the magnetically trapped anti-atoms and detecting
their annihilations. A key feature of the device is the ability to turn off the
magnetic trapping fields with a time constant of about 9 ms, which is a
response several orders of magnitude faster than in typical super-
conducting systems. Another essential component of ALPHA is an
imaging, three-layer, silicon vertex detector11 (Fig. 1), which is used to
identify and locate antiproton annihilations from released antihydrogen
atoms and to reject background from cosmic rays that happen to arrive
during the time window of interest, when the trap is being de-energized.
The magnets have a unique, low-density construction7 to minimize
scattering of annihilation products (pions) so that the positions
(‘vertices’) of antiproton annihilations can be accurately determined.

A trapping attempt involves first preparing clouds of antiprotons
and positrons for ‘mixing’ to produce antihydrogen. The antiproton
cloud contains about 30,000 particles obtained from one extracted
bunch (,3 3 107 particles at 5.3 MeV) from the Antiproton
Decelerator. The antiprotons are slowed in a thin foil, dynamically
trapped12 in a 3-T Penning trap (the ‘catching’ trap, not shown in
Fig. 1) with 3.4-keV well depth, cooled using electrons13 and then
separated from the electrons using pulsed electric fields. The resulting
plasma has a radius of 0.8 mm, a temperature of about 200 K and a
density of 6.5 3 106 cm23. The positrons are supplied by a 22Na radio-
active source and a Surko-type accumulator14,15. To increase the anti-
hydrogen formation rate and trapping probability, the positrons
transferred from the accumulator are evaporatively cooled16,17

(Methods) to about 40 K. The resulting positron plasma has 2 3 106

particles, a radius of 0.9 mm and a density of 5.5 3 107 cm23.
Antiprotons and positrons are made to interact within a nested-well

axial potential18 (Fig. 1b) at the centre of the magnetic atom trap. After
the two species are placed in their respective potential wells, the super-
conducting magnets of the atom trap are ramped up to their maximum
fields in 25 s. The antiprotons are then excited into the positron plasma
using an oscillating electric field that autoresonantly19,20 increases their
energy (Methods). This novel technique is essential for introducing the
antiprotons into the positron cloud at low relative velocity, so that
antihydrogen can be formed with low energy, and to reduce the heat-
ing of the positron plasma.

The positrons and antiprotons interact for 1 s to produce anti-
hydrogen before the uncombined charged particles are ejected from
the trap volume. During this mixing time, we record 5,000 6 400
triggers in the silicon detector. The detector is triggered when charged
particles (principally pions) from an antiproton annihilation deposit
energy (above a threshold value) in at least two of the inner silicon
modules. Cosmic rays can also trigger the detector and do so at a
measured rate of 10.49 6 0.03 Hz. Each trigger can initiate a read-
out of position information for the entire detector; the maximum
read-out rate for such ‘events’ is 500 Hz. The position information
can be analysed to identify pion trajectories (tracks) to locate anti-
proton annihilation vertices. An antiproton annihilation can usually
be distinguished from a cosmic ray by considering their respective
track topologies; see examples in Fig. 2. The rate at which we detect
cosmic rays that could be misidentified as antiproton annihilations is
(4.6 6 0.1) 3 1022 Hz (Methods). Using the spatial distribution of the
reconstructed annihilations during mixing21, we infer that about 70%
of the mixing events are due to impacts from antihydrogen atoms that
are not trapped; the remaining ones are mostly antiprotons from
atoms that are sufficiently weakly bound to be field-ionized by
Penning trap electric fields before reaching the wall.

The magnetic gradients of the atom trap can also act to trap bare anti-
protons. Such ‘mirror-trapped’ antiprotons could escape and annihilate

when the magnetic trap is de-energized, mimicking the sought-after
signal of trapped antihydrogen atoms being released. After the 1-s
mixing period, the charged particles in the mixing trap wells are ejected
from the experiment. We then apply four pulses of axial electric ‘clear-
ing’ fields of up to 500 V m21 to remove mirror-trapped antiprotons.
The manipulations after mixing take 172 ms, after which we initiate the
trap shutdown. The rapid turn-off causes the superconducting ele-
ments to ‘quench’, or become normally conducting. We look for anti-
proton annihilations from released antihydrogen in a time window of
30 ms (more than three e-folding times for the confining fields) after
the start of the magnet shutdown.

We conducted the above-described search experiment 335 times, in
three variations. In one variation, referred to as ‘left bias’ (101 attempts),
we erect a static electric field just before the quench to deflect any
remaining antiprotons to the left (negative z direction) of the apparatus
as they are released. The second variation, ‘right bias’ (97 attempts),
features a static electric field that should deflect antiprotons to the other
side of the device. In the third variation, ‘no-bias’ (137 attempts), all
electrodes are at ground during the magnet quench. The bias electric
field has a strength of about 500 V m21. The use of bias fields allows us
to use the annihilation imaging detector to distinguish between the
release of trapped antihydrogen—which is neutral and is therefore
unaffected by these fields—and that of mirror-trapped antiprotons.

To ensure that any detected events are in fact antihydrogen and to
eliminate other sources of background, we repeated the above experi-
ments using heated positrons. Following the method introduced by the
ATHENA2 collaboration, we heat the positrons (without particle loss)
to about 1,100 K by driving their axial motion. The effect in ALPHA is
twofold: antihydrogen formation is suppressed because of the temper-
ature dependence of the three-body process that dominates this re-
action22, and any antihydrogen formed is unlikely to be trapped
because the antiprotons approach thermal equilibrium with the hot
positrons through Coulomb collisions. The number of annihilation
events during the 1-s mixing time with heated positrons is 97 6 16.
Apart from the heating of the positrons, the experimental trapping
sequence is identical to that described above.

Table 1 summarizes the results of all trapping and background
attempts. In the total sample of attempts (335) with cold positrons, we
observe 38 annihilations, for a rate of 0.11 events per attempt. For the
background sample with heated positrons, we observe one annihilation
in 246 attempts, or a rate of 0.0041 events per attempt.

The discrimination provided by the silicon detector and the fast shut-
down of our magnetic trap render the cosmic background negligible in
comparison with the signal level in the current work. In the integrated
observation time (335 3 30 ms), we would expect 0.46 6 0.01 counts to
result from misidentified cosmic rays.

a b

Figure 2 | Detected antiproton annihilation and cosmic ray events.
a, b, Projected end views (x–y plane) of an antiproton annihilation (a) and a
cosmic-ray event (b) detected by the ALPHA detector. The reconstruction
algorithm identifies the antiproton vertex (blue diamond) near the Penning
trap wall (black circle). The high-energy cosmic ray passes in a near-straight
line through the detector, and the vertex-finding algorithm attempts to identify
it as a two-track annihilation with an unphysical vertex.
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Table 1 | Summary of antihydrogen confinement-time measurements.

Confinement time (s) 0.4 10.4 50.4 180 600 1,000 2,000

Number of attempts 119 6 13 32 12 16 3
Detected events 76 6 4 14 4 7 1
Estimated background 0.17 0.01 0.02 0.05 0.02 0.02 0.004
Statistical significance (� ) �20 8.0 5.7 11 5.8 8.0 2.6
Trapped antihydrogens per attempt 1.13±0.13 1.76±0.72 0.54±0.26 0.77±0.21 0.59±0.29 0.77±0.29 0.59±0.59
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Figure 2 | Long-time confinement of antihydrogen. a, Antihydrogen
trapping rate (the number of trapped antihydrogen atoms per attempt), as
a function of confinement time. An antihydrogen detection efficiency of
0.57±0.06, derived from an independent calibration, is assumed. The
error bars represent uncertainties from counting statistics only
(propagated from the square root of the observed event numbers). Scatter
within subsets of the data indicates the presence of a systematic
uncertainty at the level of ±0.2 in the trapping rate, which is not explicitly
included; this does not affect our conclusions, or our claims of statistical
significance. b, The statistical significance of the observed signal against
the (cosmic-ray) background-only hypothesis, expressed in terms of the
number of Gaussian standard deviations for a one-sided limit. The point for
0.4 s ( �20 � ) is off scale, and is thus not shown.

10–30min are reported for cryogenic magnetic traps for matter
atoms, comparable to our observations, and that collisions with the
background gas are cited as the likely dominant lossmechanism18,19.

Precision laser and microwave spectroscopy will probably
require ground-state anti-atoms, and hence estimation of the
quantum-state distribution of antihydrogen is of considerable
importance38–40. In all previous work involving untrapped atoms
only highly excited states have been experimentally identified.

Antihydrogen atoms produced by the three-body process
(involving two positrons and an antiproton)41,42 are created in
excited states. De-excitation to the ground state takes place through
cascades involving radiative and collisional (that is, between the
atom and a positron) processes. The slowest radiative cascade
proceeds through circular states (that is l = n� 1, where l and
n are the orbital angular momentum and principal quantum
numbers, respectively), which enables us to estimate an upper
limit for the cascade time. Our calculations on the basis of semi-
classical quantization of energy and radiative rates, including the
effect of blackbody radiation, show conservatively that more than

99% of trapped antihydrogen atoms will be in the ground state
after 0.5 s (see Methods). Therefore, our observed long trapping
times of �1 s imply that most anti-atoms reach the ground state
before being released, indicating that a sample of ground-state
antihydrogen atoms has been obtained for the first time.

We now turn to considerations of the energy distribution and
the orbital dynamics of trapped antihydrogen. Information on the
energy distribution is essential in understanding the antihydrogen
trapping mechanism. In addition, knowledge of the orbital
dynamics will be important in the realization of spectroscopic
measurements, because the anti-atoms will typically overlap with
the resonant radiation in only a small region of the trap volume.

Shown in Fig. 3a are experimental and simulated plots of
time (t ) versus axial position (z) of the annihilations of released
antihydrogen. Annihilation time t ismeasured from the start of trap
shutdown. A simulation of 40,000 trapped antihydrogen atoms (see
below) is compared with experimental data for 309 annihilation
events detected by the silicon vertex detector. These data include
both the events from the long-confinement measurement (Table 1)
and events collected under wider variations of plasma conditions.
Figure 3b–d shows projections of these data onto the t and z axes.
For detailed comparison with simulations, we select events with
�200mm < z < 200mm, and t < 30ms, taking into account the
detector solid angle and the trap shutdown time. We also restrict
the analysis to confinement times<1 s, because longer times are not
modelled in the simulations, resulting in 273 annihilation events.

We developed a simulation-based theoretical model to investi-
gate the trapping dynamics and the release process (see Methods).
Our simulations start with ground-state antihydrogen atoms with
a distribution of initial kinetic energies E . Other than E , our
simulations have no adjustable parameters, and use only a set
of parameters chosen a priori that describe the experiment. The
antihydrogen energy is an important input to the simulations, as it
has been the subject of some controversy. Early experiments using
conventional plasma-merging schemes43,44 as well as corresponding
theoretical calculations45 suggested that antihydrogen atoms in
those experiments were formed epithermally with kinetic energies
that were substantially higher than the positron temperatures. Un-
der such conditions, a vanishing fraction of the antihydrogen atoms
would have trappable energies. (See ref. 39 for an alternative inter-
pretation of the data.) Inmost of the simulations presented here, we
assumed that antiprotons are thermalized in the positron plasma at
a temperature of Te+ = 54K before antihydrogen formation takes
place. (This is referred to as the standard simulation; see Fig. 4a–d
for its dynamical characteristics.) The assumption of thermalized
production may be justified by the low kinetic energies of the
antiprotons in our autoresonant mixing procedure24. Figure 4b
shows the initial kinetic-energy distribution f (E), for simulated
antihydrogen atoms that were trapped and then released to hit the
trap walls. The main part of the distribution is characterized by a
function f⇠ E1/2, that is, the tail of a three-dimensional Maxwell–
Boltzmann distribution. The shape of this tail is independent of
Te+ as long as E ⌧ kTe+. The contribution of the positron-plasma
rotational energy to the total kinetic energy is negligible in the
present case (see Methods).
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Resonant quantum transitions in trapped
antihydrogen atoms
C. Amole1, M. D. Ashkezari2, M. Baquero-Ruiz3, W. Bertsche4,5,6, P. D. Bowe7, E. Butler8, A. Capra1, C. L. Cesar9, M. Charlton4,
A. Deller4, P. H. Donnan10, S. Eriksson4, J. Fajans3,11, T. Friesen12, M. C. Fujiwara12,13, D. R. Gill13, A. Gutierrez14, J. S. Hangst7,
W. N. Hardy14,15, M. E. Hayden2, A. J. Humphries4, C. A. Isaac4, S. Jonsell16, L. Kurchaninov13, A. Little3, N. Madsen4,
J. T. K. McKenna17, S. Menary1, S. C. Napoli4, P. Nolan17, K. Olchanski13, A. Olin13,18, P. Pusa17, C. Ø. Rasmussen7, F. Robicheaux10,
E. Sarid19, C. R. Shields4, D. M. Silveira20{, S. Stracka13, C. So3, R. I. Thompson12, D. P. van der Werf4 & J. S. Wurtele3,11

The hydrogen atom is one of the most important and influential
model systems in modern physics. Attempts to understand its
spectrum are inextricably linked to the early history and develop-
ment of quantum mechanics. The hydrogen atom’s stature lies in
its simplicity and in the accuracy with which its spectrum can be
measured1 and compared to theory. Today its spectrum remains a
valuable tool for determining the values of fundamental constants
and for challenging the limits of modern physics, including the
validity of quantum electrodynamics and—by comparison with
measurements on its antimatter counterpart, antihydrogen—the
validity of CPT (charge conjugation, parity and time reversal)
symmetry. Here we report spectroscopy of a pure antimatter atom,
demonstrating resonant quantum transitions in antihydrogen. We
have manipulated the internal spin state2,3 of antihydrogen atoms
so as to induce magnetic resonance transitions between hyperfine
levels of the positronic ground state. We used resonant microwave
radiation to flip the spin of the positron in antihydrogen atoms
that were magnetically trapped4–6 in the ALPHA apparatus. The
spin flip causes trapped anti-atoms to be ejected from the trap. We
look for evidence of resonant interaction by comparing the survival
rate of trapped atoms irradiated with microwaves on-resonance to
that of atoms subjected to microwaves that are off-resonance. In
one variant of the experiment, we detect 23 atoms that survive in
110 trapping attempts with microwaves off-resonance (0.21 per
attempt), and only two atoms that survive in 103 attempts with
microwaves on-resonance (0.02 per attempt). We also describe the
direct detection of the annihilation of antihydrogen atoms ejected
by the microwaves.

Magnetostatic trapping of neutral atoms7 or anti-atoms is accomp-
lished by creating a local minimum of the magnetic field magnitude in
free space. The confining force results from interaction of the atomic
magnetic moment m with the non-uniform magnetic field. Figure 1 shows
the expected Breit–Rabi hyperfine level diagram for the ground state of
the antihydrogen atom in a magnetic field. We label the four eigenstates
aj i, bj i, cj i and dj i in order of increasing energy. Trapping is possible

when the atom is in a ‘low-field seeking’ quantum state ( cj i or dj i in
Fig. 1). We employ the Ioffe–Pritchard7 configuration: the superposition
of a magnetic multipole (an octupole) field that confines atoms in the
transverse directions and two ‘mirror coil’ fields for axial confinement8.

Working at the Antiproton Decelerator9 facility at CERN, we
recently demonstrated magnetic confinement of cold antihydrogen

atoms4 and showed that—once trapped—these atoms end up in their
ground state, where they can be held5 for up to 1,000 s. Here we use the
same apparatus, modified to enable injection of microwaves into the
trapping volume (Fig. 2a). Antihydrogen atoms are produced near the
field minimum (about 1 T, Fig. 2b) by mixing cold plasmas of
antiprotons and positrons for about 1 s (Methods). Atoms having
kinetic energies corresponding to less than 0.5 K can be trapped.
Mixing about two million positrons and 20,000 antiprotons yields
approximately 6,000 anti-atoms; on average, approximately one
anti-atom is trapped. The trapping field currents can be ramped down
with a time constant of 9 ms, releasing trapped atoms in a well-defined
time window4. The trapping volume is surrounded by a three-layer,
30,720-channel imaging silicon detector10, which can locate the spatial
positions—vertices—of antiproton annihilations.

Our approach was to subject trapped antihydrogen atoms to res-
onant microwaves to eject them from the trap. A tuned, oscillating
magnetic field B1 applied perpendicularly to the trapping field can
drive positron spin-flip transitions between the trappable and the
untrappable states, that is, cj iR bj i and dj iR aj i. Untrapped atoms
escape and annihilate on the surrounding apparatus. A single experi-
mental cycle or ‘trapping attempt’ involves producing anti-atoms in

1Departmentof Physics and Astronomy, York University, Toronto, Ontario, M3J 1P3,Canada. 2Departmentof Physics, Simon Fraser University, Burnaby, British Columbia, V5A 1S6,Canada. 3Department of
Physics, University of California, Berkeley, California 94720-7300, USA. 4Department of Physics, Swansea University, Swansea SA2 8PP, UK. 5School of Physics and Astronomy, University of Manchester,
M13 9PL Manchester, UK. 6The Cockcroft Institute, WA4 4AD Warrington, UK. 7Department of Physics and Astronomy, Aarhus University, DK-8000 Aarhus C, Denmark. 8CERN, Department PH, CH-1211
Geneva 23, Switzerland. 9Instituto de Fı́sica, Universidade Federal do Rio de Janeiro, Rio de Janeiro 21941-972, Brazil. 10Department of Physics, Auburn University, Auburn, Alabama 36849-5311, USA.
11Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA. 12Department of Physics and Astronomy, University of Calgary, Calgary, Alberta T2N 1N4, Canada. 13TRIUMF, 4004 Wesbrook
Mall, Vancouver, British Columbia V6T 2A3, Canada. 14Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia V6T 1Z1, Canada. 15The Canadian Institute of
Advanced Research, Toronto M5G-1Z8, Canada. 16Department of Physics, Stockholm University, SE-10691, Stockholm, Sweden. 17Department of Physics, University of Liverpool, Liverpool L69 7ZE, UK.
18Department of Physics and Astronomy, University of Victoria, Victoria, British Columbia V8W 3P6, Canada. 19Department of Physics, NRCN-Nuclear Research Center Negev, Beer Sheva, IL-84190, Israel.
20Atomic Physics Laboratory, RIKEN, Saitama 351-0198, Japan. {Present address: Instituto de Fı́sica, Universidade Federal do Rio de Janeiro, Rio de Janeiro 21941-972, Brazil.

Magnetic !eld (T)
0 0.2 0.4 0.6 0.8 1 1.2 1.4

R
el

at
iv

e 
en

er
gy

 in
 fr

eq
ue

nc
y 

un
its

 (G
H

z)
–20

–15

–10

–5

0

5

10

15

20

Trappable 'low-!eld seeking' states

Untrappable 'high-!eld seeking' states

spin-"ip frequencies

|d〉 = |↓⇓〉

|c〉 = |↓⇑〉

|b〉 = |↑⇑〉

|a〉 = |↑⇓〉

fbc fad
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frequency band (Fig. 3c), and by indications that the nominal power
should be sufficient to drive off-resonant transitions. Taken together,
the disappearance and appearance analyses constitute a consistent
picture of the fate of the trapped antihydrogen atoms.

We have considered other processes that could lead to antihydrogen
loss in the presence of microwaves but that could not be due to a spin-
flip. The only plausible candidate is heating of the trap electrodes by
the microwaves, causing desorption from the surfaces of cryo-pumped
material, which could then scatter or annihilate the trapped anti-
atoms. Indeed, we observe a slight electrode temperature increase from
about 8 K to at most 11 K during the 180-s microwave cycle. However,
any such thermal effect on the vacuum should be the same for series 1
and 2, which differ only by a slight change in the trapping magnetic
field. Further evidence against vacuum deterioration comes from
Fig. 4b, which shows the z-distribution of appearance-type events
(in 0 , t , 30 s). The distribution is highly localized around the trap
centre, as we expect from simulations of how spin-flipped atoms are
lost from the trap (Methods). Annihilation or collisional loss of
trapped anti-atoms in a compromised vacuum could occur anywhere
in the 274-mm-long trapping volume.

We thus conclude that we have observed resonant interaction of
microwave radiation with the internal quantum states of trapped
antihydrogen atoms. This is a proof-of-principle experiment; we have
not yet attempted to accurately localize a resonance or determine a
spectroscopic lineshape. We have bounded the resonance between the
off-resonance scan value and the maximum of the on-resonance
sweep. Roughly speaking, the observed resonance is within 100 MHz
of the resonance frequency expected for hydrogen, corresponding to a
relative precision of about 4 3 1023. This experiment marks the advent
of antimatter spectroscopy and takes a preliminary step towards
precision comparison of the spectra of hydrogen and antihydrogen
as a test of CPT symmetry. Importantly, it also demonstrates the
viability of performing fundamental measurements on small numbers
of trapped anti-atoms by combining resonant interaction with the long
trapping times and sensitive annihilation detection in ALPHA. In
future experiments, the transition cj i< dj i could be probed by double
resonance; the frequency of this transition goes through a broad
maximum12 at a field of 0.65 T, allowing a precision measurement of
hyperfine parameters without requiring precise knowledge of the abso-
lute value of B (see Supplementary Information).

METHODS SUMMARY
The ALPHA apparatus traps antihydrogen atoms synthesized from cold plasmas
of positrons and antiprotons. Microwaves from a frequency synthesizer were
amplified and injected into the magnetic atom trap using a horn antenna. We
use electron cyclotron frequency measurement techniques to set the magnetic field
in the device, and to characterize microwave field patterns. We perform numerical
simulations of trapped antihydrogen dynamics to model microwave resonant
lineshapes and transition rates, atom ejection dynamics, and the spatial distri-
bution of residual gas annihilation. Two distinct analysis methods are used to
reduce cosmic ray background in the annihilation detector.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Table 2 | Totals for all ‘disappearance mode’ series
Number of attempts Detected antihydrogen Rate

On resonance (1 1 3) 103 2 0.02 6 0.01
Off resonance (2 1 4) 110 23 0.21 6 0.04
No microwaves (5 1 6) 100 40 0.40 6 0.06

Time, t (s)
–60 –30 0 30 60 90 120 150 180

Ev
en

ts
 p

er
 1

5 
s

0

5

10

15

20

25

a

Axial position, z (cm)

–20 –10 0 10 20

Ev
en

ts
 p

er
 1

.6
 c

m

0

5

10

15

b

No microwaves (100 runs)

On resonance (103 runs)

Off resonance (110 runs)

Figure 4 | Appearance mode data. a, The number of ‘appearance mode’
annihilation events satisfying the alternative selection criteria and zj jv6 cm
(Methods) as a function of time between the end of antihydrogen production
and the trap shutdown. Microwave power is first applied at time t 5 0. The
expected cosmic background per bin per run is 0.026 6 0.005 events. The error
bars are due to counting statistics. b, The z-distribution of annihilation vertices
in ‘appearance mode’ for 0 , t , 30 s. The grey histogram is the result of a
numerical simulation of the motion of spin-flipped atoms ejected from the trap.
The dashed black curve is the result of a simulation of trapped antihydrogen
annihilating on the residual gas (Methods). Both simulations are normalized to
the on-resonant data.
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initially trapped in a well depth of about 50 µeV (corresponding to a maxi-
mum speed of about 90 m s−1), down to submicroelectronvolt energies.

In practice, however, laser cooling of antihydrogen presents a num-
ber of technical challenges. First, generating and transporting radiation 
at 121.6 nm is difficult. There are no convenient lasers or nonlinear 
crystals at vacuum ultraviolet wavelengths, and the light is readily 
attenuated in air and in optical components. Second, the experimental 
requirements of antihydrogen experiments severely restrict optical 
access to the anti-atoms. Because they need to be synthesized from 
their antiparticle constituents and trapped in situ, extensive infrastruc-
ture is required, limiting the available space. Third, the currently avail-
able maximum density (about 1 cm–3) of the scarce anti-atoms—more 
than 10 orders of magnitude lower than the 1011–1014 cm–3 in previous 
trapped hydrogen experiments26,27—results in extremely low rates of 

laser transitions. Furthermore, such a low density rules out collisions 
as an equilibration mechanism for achieving three-dimensional cool-
ing with one-dimensional laser access, as was done for the pioneering 
work on laser cooling of hydrogen26 (Methods).

Despite these challenges, the feasibility of laser cooling antihydrogen 
in the Antihydrogen Laser Physics Apparatus (ALPHA) using a pulsed 
laser was explored in ref. 9. Simulations showed that the low excitation 
rate could be overcome with long cooling duration, enabled by the 
previously observed long confinement time20. (The excitation rate can 
also be increased by a higher repetition rate of the laser.) The simula-
tions also predicted that three-dimensional cooling could be achieved 
with one-dimensional laser access by anharmonic coupling of antihy-
drogen’s motional degrees of freedom in the trap, an effect that could 
be enhanced by tailoring the profile of the magnetic trapping field.
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Two photon transition at 243.2 nm

LETTER RESEARCH

frequency because of a hardware failure in an early block of four trials; 
extra trials were added to compensate for the excluded data.

To examine the general features of the measurement results, we plot 
(Fig. 3a) the four datasets on one graph by using a simple scaling. The 
points at zero (on-resonance) and −200-kHz detuning (at which no 
signal is expected7), repeated for each set, are used for the scaling. For 
the laser exposure (‘appearance’) data, we define a scaled response at 
detuning D within each set: rl(D) = L(D)/L(0). Similarly, for the sur-
viving population (‘disappearance’ data), we use rs(D) = [S(−200 kHz) 
− S(D)]/[S(−200 kHz) − S(0)]. The uncertainties shown are due to 
Poissonian counting errors only. For comparison, we also plot the 
results of a simulation19 based on the expected behaviour of hydrogen 
in our trap for a cavity power of 1 W, scaled to the zero-detuning data 
point. We see that the peak position and the width of the scaled spec-
tral line are consistent with the calculation for hydrogen and that the 
experiment generally reproduces the predicted asymmetric line shape. 
There is also good agreement between the appearance and disappear-
ance data (Fig. 3a).

The simulation involves propagating the trapped atoms in an accu-
rate model of the magnetic trap. When an atom crosses the laser 
beam, which has a waist of 200 µm at the cavity centre, we calculate 
the two-photon excitation probability, taking into account transit-time 
broadening, the a.c. Stark shift and the residual Zeeman effect. The sim-
ulation determines whether excited atoms are lost owing to ionization 
or to a spin-flip event. The variable input parameters for the simulation 
are the cavity power and the laser frequency. The modelled response is 
asymmetric in frequency owing to the residual Zeeman effect19. The 
width of the line, for our experimental parameters, is dominated by 
transit-time broadening, which contributes about 50 kHz full-width 
at half-maximum (FWHM) at 243 nm. For 1 W of cavity power, the 
a.c. Stark shift is about 2.5 kHz to higher frequency and the ionization 
contributes about 2 kHz to the natural line width.

To make a more quantitative comparison of the experimental results 
with the expectations for hydrogen, it is necessary to scrutinize differ-
ences between the four datasets. The overall response should be linear 
in the number of atoms addressed, so it is possible to normalize for this. 
However, the line width depends on the stored power in the cavity, as 
does the frequency of the peak (Fig. 3b). The cavity power is difficult 
to measure in our geometry because the amount of transmitted light 
depends sensitively on the small transmission from the output coupler 
(about 0.05%) and on absorption in the optical elements through which 
the transmitted light exits (Fig. 1). We observe that the transmitted 
power can degrade, owing to accumulated ultraviolet damage to the 
window and mirror substrate, whereas the finesse of the cavity does 
not change.

A modelling approach that self-consistently accounts for fluctuations 
in experimental parameters is a simultaneous fit in which we allow the 
four sets to have distinct powers (P1–4), but the same frequency shift 
with respect to the hydrogen calculation (Methods). We require that 
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Δf/f ~4×10-15 (Δf ~10 Hz) 

Matveev et al 
Phys. Rev. Lett 110, 230801 (2013)

	 6	

=	904±30	mW;	P3	=	1123±43	mW,	P4	=	957	±	31	mW	and	δf	=	-0.44	±	
1.9	kHz.	Here,	δf	is	the	difference	(at	243	nm)	between	the	resonant	
frequency	inferred	from	the	fit	and	the	resonant	hydrogen	frequency	
expected	 for	our	 system,	both	at	 zero	power.	 	The	errors	 represent	
the	68%	confidence	 interval	 of	 the	 fit	 and	do	not	 take	 into	 account	
systematic	uncertainties.		

Considering	 systematic	 effects,	 the	 microwave	 removal	
procedure	for	the	1Sc	state	atoms	provides	a	reproducibility	check	on	
the	strength	of	the	magnetic	field	at	the	trap	centre.		At	the	beginning	
of	each	data-taking	shift,	 the	magnetic	 field	of	 the	external	solenoid	
magnet	was	 reset	 to	 a	 standard	 value	 using	 our	 electron	 cyclotron	
resonance	 technique14	For	 the	 complete	 data	 set,	 we	 find	 that	 the	
magnetic	 field	 variations	 at	 the	minimum	 field	 of	 about	 1	 T	 are	 of	
order	 3.2	 x	 10-5	 T	 (one	 standard	 deviation).	 This	 corresponds	 to	 a	
resonance	frequency	shift16	of	only	about	15	Hz	at	243	nm	for	the	d-d	
transition.	 	 (Note	 that,	 at	 1	 T,	 the	 c-c	 transition	 is	 about	 20	 times	
more	 sensitive	 to	 magnetic	 field	 shifts,	 which	 is	 why	 the	 d-d	
transition	 is	more	 attractive	 here.)	 	 The	 laser	 frequency	was	 tuned	
with	 respect	 to	 the	 minimum	 of	 the	 magnetic	 well,	 such	 that	 the	
resonance	condition	should	be	met	in	the	centre	of	the	trap	for	zero	
detuning,	 in	 the	 limit	 of	 zero	 laser	 power.	 The	 accuracy	 of	 the	
magnetic	field	determination	corresponds	to	an	uncertainty	of	300Hz	
in	the	243nm	laser	frequency.		

Including	 all	 of	 the	 identified	 uncertainties	 (Table	 3,	 for	 121	
nm),	our	fit	of	the	experimental	points	to	the	hydrogen	model	yields:	

	
fd-d	=	2	466	061	103	079.4	(5.4)	kHz.	

	
The	calculated	value	(Methods)	for	hydrogen	at	the	minimum	field	in	
our	system	(1.03285	T)	is:	
	

fd-d	=	2	466	061	103	080.3		(0.6)	kHz,	
	

where	 the	 uncertainty	 is	 determined	 by	 the	 experimental	 error	 in	
measuring	the	field.		

Due	 to	 the	 motion	 of	 the	 antihydrogen	 atoms	 in	 the	
inhomogeneous	trapping	field,	the	present	comparison	is	necessarily	
model	 dependent.	 We	 thus	 conclude	 that	 the	 measured	 resonance	
frequency	 for	 this	 transition	 in	 antihydrogen	 is	 consistent	with	 the	
expected	hydrogen	frequency	to	a	precision	of	about	2	x	10-12.		While	
the	precision	of	our	measurement	 is	still	a	 few	orders	of	magnitude	
short	of	the	state	of	the	art	with	a	cold	hydrogen	beam7,	the	modern	
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Precision  Δf/f ~ 2×10-12  (Δf ~ 5 kHz)
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Figure 2: Laser cooling of antihydrogen. The spectral lineshapes and the time of flight distributions, 

obtained during the probing phase by detecting antihydrogen annihilations resulting from laser-induced 

spin flips. a The experimental lineshapes given by the number of annihilation counts as a function of the 

probe laser detuning frequency. b Time of flight (TOF) distributions representing the time between the 

nanosecond probe laser pulse and the detection of the annihilation. Distributions are compared for 

different experimental series given in Table 1: no laser series (green), heating series with +150 MHz 

detuning (red); cooling series with -250 MHz detuning (cyan); and stack&cool series where -250 MHz 

detuning was applied for both during the stacking phase and the cooling phase (blue). The corresponding 

simulations for the linshapes (c) and the TOF distributions (d). Each distribution is normalized to its total 

counts, and the vertical error bars represent 1-s.d. counting statistical uncertainties. The horizontal error 

bars in a depict typical uncertainties in frequency.   
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Figure 2: Laser cooling of antihydrogen. The spectral lineshapes and the time of flight distributions, 

obtained during the probing phase by detecting antihydrogen annihilations resulting from laser-induced 

spin flips. a The experimental lineshapes given by the number of annihilation counts as a function of the 

probe laser detuning frequency. b Time of flight (TOF) distributions representing the time between the 

nanosecond probe laser pulse and the detection of the annihilation. Distributions are compared for 

different experimental series given in Table 1: no laser series (green), heating series with +150 MHz 

detuning (red); cooling series with -250 MHz detuning (cyan); and stack&cool series where -250 MHz 

detuning was applied for both during the stacking phase and the cooling phase (blue). The corresponding 

simulations for the linshapes (c) and the TOF distributions (d). Each distribution is normalized to its total 

counts, and the vertical error bars represent 1-s.d. counting statistical uncertainties. The horizontal error 

bars in a depict typical uncertainties in frequency.   
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Longitudinal cooling

EL : 6.6 μeV→1.7 μeV (80 mK → 20 mK)  ET : 18 μeV→4.8 μeV(200 mK → 55 mK)

Nature, 592, 35 (2021, April 1st)



LEAP 2018, Sorbonne University, Paris, March 2018

ALPHA Experiment @ CERNPrecision Spectroscopy

11
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ALPHA-g:  Measurement of anti-H gravity

Free "fall" of ant-H
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Hydrogen-Antihydrogen Infrastructure at Canadian Universities  
R&D platform for development for 
“quantum sensing” techniques for anti-H 

Use H (and other cold atoms) as proxy 
    (Anti)atomic fountain
    (Anti)Matter-wave interferometer
    Ramsey hyperfine spectroscopy
     Optical trapping 
     Anti-molecular clock

Hydrogen difficult to handle
    1s-2p transition at 121 nm
    Difficult to trap 
    No fountain made with H

Ultimate Goal: 
       Make precision H--antiH comparison
       in the same apparatus
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Key Concept

A: Magnetic compression of atomic clouds in 
    a small, high density quadrupole trap (~mm radius)

B: Laser cooling →high phase space density 
       (~100 um radius, 2 mm length)
               Target densities 107 – 108 cm-3 
                           (currently ~ 1 cm-3 in ALPHA)

C: Expansion cooling
Create  (anti)H gas in micro-Kelvin regime!

D: Launch into free space as fountain for
    informetric and other interrogations 
             (~100 nK regime)

Up to 107 – 108 colder and  denser anti-H cloud!
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HAICU: Hydrogen-Antihydrogen Infrastructure at Canadian Universities 

The University of British Columbia        Research or Technology Development            40133 
 

An overview of the central HAICU system is given in Fig.0.1 in the Project Summary section. It 
consists of the beam section, the central trap section, and the fountain section:  In the beam section, 
a supersonic hydrogen source produces a 20 K hydrogen beam (Label 1 in Fig.0.1) and a magnetic 
decelerator slows the hydrogen to 100 mK (2). In the central magnetic trap, the hydrogen ensemble 
(109 atoms) is dynamically captured in the catching volume (3), and then compressed with a 
strongly focusing quadrupolar magnet in the compression volume (4). With radial optical access 
for 3-dimensional (3-D) laser cooling, a density of order 1010 atoms/cc and a temperature to 10 mK 
are expected. Formation of hydrogen molecular ions will also be studied in this volume. The 
expansion volume (5) allows further cooling of the hydrogen by adiabatic expansion to a 
temperature of 5 µK at a density of order 106 atoms/cc. From this volume, hydrogen will be 
launched upwards either by lowering the top magnetic well, or by optical radiation pressure. The 
launched hydrogen cloud will be magnetically focused with a quadrupole lens (6) and 
interferometric measurements will be performed in a field-free fountain volume (7). Detector 
components will detect hydrogen transitions (8).   
 

B.2 Science and Technology Development with the HAICU infrastructure 
There are two broad classes of activities we will pursue in the proposed project: (a) ground-
breaking advances in hydrogen and antihydrogen studies, enabled by the HAICU system (Themes 
1 to 3), and (b) novel technology developments, that will enable the science above (Theme 4).  
 

Theme 1: (Anti)Hydrogen Fountain. Leads: Fujiwara, So, Friesen, Fajans 

The atomic fountain is a powerful tool 
in atomic physics, enabling a long 
interrogation time for precision 
quantum measurements. However, 
such a fountain has not been realized 
in (anti)hydrogen atoms. Ironically, 
hydrogen, the simplest atom, is 
difficult to handle due to its 
inconvenient internal structure and 
light mass. Realization of a hydrogen 
fountain will be one of the core 
innovations in this proposal, and will 
form the basis for a number of 
subsequent developments. When 
applied to antihydrogen, the 
technique will permit the antimatter 
atoms to be interrogated in a field-free space for the first time (as opposed to the magnetic trap 
environment in the present ALPHA setup). A key requirement for a fountain is the preparation of 
ultra-cold (anti)hydrogen before its launch. Low speeds are needed to avoid rapid expansion of the 
cloud of unconfined atoms. The ultra-low temperatures (hence the low speed) will be achieved by 
the entirely novel combination of strong magnetic compression by the quadrupole trap, 3-D laser 
cooling, and expansion cooling (Theme 4). Simulated trajectories of (anti)hydrogen atoms in the 

Objective: “Tossing” (anti)hydrogen atoms into a field-free space for precision measurements. 
Challenge: Creation of the ultra-cold (anti)hydrogen. Innovations:  Unprecedented degree of 
control in manipulating the (anti)hydrogen atoms. Transformation: It will open up a new field of 
research: antimatter in a field-free space. Key Equipment: Items 1, 2 (see Sec. 2.2 Infrastructure). 

 
Fig 1.1: (Anti)hydrogen fountain simulations. Simulated 
trajectories (a), and their speed distributions in direction 
perpendicular (b) and parallel (c) to the axis.   

(Anti)hydrogen fountain (Anti)hydrogen  Interferometer

The University of British Columbia        Research or Technology Development            40133 
 

Theme 3A: Antimatter Molecules. Leads: Momose, Charlton, Jonsell, Robicheaux   

Precision measurements in molecules (both neutrals and ions) are a rapidly expanding area of 
science. Generally, molecules have more complex internal structures than atoms, and this presents 
both challenges in manipulating them, and opportunities for new types of measurements.  A 
comparison of transition frequencies between matter and antimatter molecules [e.g. Phys. Rev. A 98, 
010101 (2018)] could potentially allow precisions higher than that e.g. in atomic hydrogen-
antihydrogen comparison of the 1S-2S level. An intrinsic limit of the latter is given by the finite 
lifetime of the atomic 2S level, whereas some of the molecular levels have much longer lifetimes. 
It has been estimated that an optical clock with precisions of parts per 1017 may be possible with 
trapped "#$  molecular ions [Phys. Rev. Lett. 113, 023004 (2014)]. (This can be compared with the 
present precision of atomic hydrogen 1S-2S spectroscopy of 4x10-15). However, a standard 
technique of molecular dissociation to produce molecular ions does not apply to antimatter, due to 
the lack of antihydrogen molecules in the first place. 

Here, we propose the formation of antihydrogen molecular ions (two antiprotons and one 
positron: 	"#&) via associative ionization during collision of 2S states of antihydrogen, "(2S), as 
per the following process: "(2S) + "(2S) à "#&	 + e+. The extreme densities of antihydrogen 
atoms, which will be enabled by HAICU’s laser cooling and magnetic compression techniques, 
will offer a unique environment to synthesize the antimatter molecules in such a manner. Recently, 
authors including Charlton and Jonsell (now HAICU collaborators) have studied the same process 
of molecular ion formation in an ALPHA-like geometry [Phys. Rev. A 100, 042709 (2019)]. 
Extrapolation of their estimates to the high-density regime (which the HAICU scheme enables) 
implies a promising production rate of a few "#& per trial involving 103 antihydrogen atoms in the 
2S state. Efficient production of antihydrogen molecular ions in this reaction requires efficient 
excitation of antihydrogen to the excited 2S state (Theme 4B). Note that for a precision 
measurement in an ion trap, only one trapped ion is needed. As a first step, we will demonstrate 
the corresponding reaction using ultra-cold hydrogen atoms in HAICU to form hydrogen molecular 
ions, "#$.	 We envision detecting the "#$ ions by releasing them onto a multi-channel plate, where 
a time of flight measurement will be used to distinguish the molecular ions from the background. 
In addition to the precision physics, production of antimatter molecules will open up a new field 
of science in which chemistry of antimatter will be studied.  
Theme 3B: Towards Precision Laser Spectroscopy. Leads: Cesar, Hangst, Momose, 
Thompson, Silveira, Sacramento, Nunes Oliveira 

The 1S-2S transition in atomic hydrogen is the holy grail of precision physics. Its frequency is now 
determined to the 10-15 level. ALPHA has recently achieved a 2x10-12 measurement of the same 
transition with antihydrogen in an octupolar magnetic trap. While the ALPHA collaboration will 
continue to push the limits of the octupolar trap technique in the next few years, we will explore 
new avenues based on novel techniques pursued with HAICU. Possible limitations with the 
ALPHA trap include the transit-time broadening and 2nd order Doppler broadening (due to the 
finite speed of antihydrogen) and the Zeeman shift due to the trapping magnetic field. Particular 

Objective: Creation of molecules made of antimatter. Challenge: Achieving high densities. 
Innovation: Molecular ion formation via 2S state collisions; coherent excitation to the 2S state. 
Transformation: Opens up new field of antimatter chemistry. Key Equipment: Items 1-3, 6      

Objective: Develop techniques for highest precision optical spectroscopy of (anti)hydrogen 
atoms. Challenge:  Broadening and systematics due to the (anti)hydrogen motions, external fields. 
Innovation: The use of  ultra-cold (anti)hydrogen. Key Equipment: Items 1-3. 
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Tremendous progress in past few years
          Laser spectroscopy at 10-12 level
          Microwave, charge neutrality, etc.
           Laser cooling opens up new opportunities   
Since 2021-
            ELENA, upgraded AD, became operational
            Gravity measurement, ALPHA-g started
            The HAICU project just initiated

22 years since the start of Antiproton Decelerator at CERN, 
we are entering a new era

Exciting future with antihydrogen physics!
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