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The experimental production and detection of cold antihydrogen atoms re-
ported by the ATHENA Collaboration in 2002 represents a major step toward
the study of the antiatom internal structure. The availability of a high num-
ber of antihydrogen atoms in a cryogenic environment is the key ingredient for
a series of stringent tests of the CPT symmetry and of the gravitational weak
equivalence principle that is foreseen on neutral antimatter. The experimental
apparatus and the method used by ATHENA present some unique features that
are first introduced. Then the absolute rate of antihydrogen production and the
signal to background ratio in ATHENA are discussed, along with some prelimi-
nary results regarding the temperature dependence of antihydrogen production.
Finally the future perspectives for laser spectroscopy of antihydrogen are briefly
outlined.
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1. Introduction and motivations

The experimental test of fundamental symmetries at very high precision
plays a major role in modern physics and in this context the CPT symme-
try is of great interest. The CPT theorem holds for local fields in a Lorentz
invariant, flat space-time and assures the invariance of a physical system
under the simultaneous application of charge conjugation, space inversion
and time reversal [1]. The consequences of this theorem for particles and
antiparticles have already been verified in a series of impressive measure-
ments of their respective properties: to date the highest relative precision

measurements of the K° and K* masses is of the order of 10'8, but is ob-
tained with a model dependent method [2]. A new series of measurements
is foreseen for the future on the simplest atomic state of neutral antimatter,
the antihydrogen atom: the spectroscopic analysis of its internal structure
and in particular of the 1.5-2S5 transition and of the hyperfine splitting in a
magnetic field are expected to be a very stringent and direct high precision
test of the CPT symmetry. Moreover, new and different theories not based
on the assumptions of the CPT theorem [3,4] allow for CPT violations and
predict differences in the spectra of hydrogen and antihydrogen that could
be detected [5] if a sufficient number of cold antihydrogen atoms is available.

The first observation of atomic antimatter in small quantities was per-
formed in 1996 at CERN with a technique that allowed the formation of
antihydrogen in flight by crossing a Xe jet target with the antiproton beam
of LEAR: only 9 atoms were successfully detected [6]. A subsequent and
similar experiment at Fermilab reported a slightly higher number of observa-
tions |7]. However both experiments created only a few antihydrogen atoms
with kinetic energy in the range of 1-6 GeV, therefore not suited for high
precision spectroscopy experiments that require antiatoms to be trapped at
cryogenic temperatures. Low temperatures are needed for various reasons:
first of all to maximize the production rate because the recombination cross
sections expected to have a role in antihydrogen formation depend on nega-
tive powers of the temperature, but also to favor the trapping of the neutral
antiatom that must have a low velocity. This has also the advantage of re-
ducing the Doppler effect, which will be one of the factors determining the
ultimate spectroscopic resolution of the future measurements.

The ATHENA experiment, operating at the new AD (Antiproton Dece-
lerator) facility of CERN [8], exploited all these requirements and succeeded
in the 2002 and 2003 runs in observing a large quantity of antihydrogen
atoms at cryogenic temperature by mixing clouds of cold antiprotons and
positrons within an electromagnetic trap [9]. Also the ATRAP collaboration,
operating at CERN, subsequently reported antihydrogen observation with a
similar production technique, but with a different detection system [10]. In
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the following, the ATHENA apparatus, the technique used to produce and
observe antihydrogen atoms and some preliminary results on the physics of
antihydrogen will be illustrated.

2. Experimental apparatus and procedure

The ATHENA experimental apparatus [11]| is comprised of four main
subsystems (Fig. 1): the antiproton catching trap, the mixing trap, and
the antihydrogen detector, which are located in a 3 T magnetic field, and a
separate positron accumulator [12], with its own 0.14 T magnetic field. The
traps, usually called Penning—Malmberg traps, consist of hollow cylindrical
electrodes immersed in a coaxial magnetic field to confine charged particles
axially and radially, respectively.

ATHENA / AD-1 : Antihydrogen Production and Spectroscopy
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Fig. 1. Overview of the ATHENA experimental apparatus for production and de-
tection of antihydrogen: below the main apparatus an expanded view of the anti-
hydrogen detector is shown.

A cryostat (working at ~10 K) in the bore of the superconducting magnet
surrounds and cools the catching and mixing traps, and forms an ultrahigh
vacuum region.

Positrons are generated in situ via radioactive 1 decay of a ?2Na source
and are first moderated with a solid neon degrader and then cooled by colli-
sion with a nitrogen buffer gas in the positron accumulator. The accumulator
is comprised of a series of sections with a differential pressure system that
allows the stacking and storage of positrons with high efficiency: after about
2 minutes ~ 1.5 108 positrons are transferred to the mixing trap with an
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efficiency of about 50%; at equilibrium in the mixing trap these 75 millions
positrons form a plasma of ellipsoidal shape [13|. Critical plasma parameters
like radius, density, aspect ratio and temperature are monitored with a novel
diagnostic technique that relies on the detection of oscillation modes [13].

The antiprotons are delivered from the AD facility in bunches of ~ 107
particles about every 90 seconds with a 5 MeV kinetic energy: these antipro-
tons, after passing through a degrader to reduce their energy to a maximum
of 500 keV, are injected in the ATHENA catching trap where the low energy
tail is trapped by using a high voltage switch. The trapped antiprotons
are then cooled by Coulomb collisions with a cloud of electrons which is
preloaded into the trap: the energy released is dispersed by the electrons
via cyclotron radiation. After the electron cooling process, both the elec-
trons and the antiprotons are at equilibrium with the cryogenic environment.
The antiprotons are then transferred to the mixing trap with an efficiency
between 50% and 100%.

In the mixing trap a potential well in a nested trap configuration [14] is
formed to allow the confinement of the oppositely charged particles in the
same space-time region and to facilitate their mixing.

When the two species of particles interact in this trap two processes
occur: the antiprotons are first cooled by the positrons via Coulomb colli-
sions, in a similar way to electron cooling, and then antihydrogen atoms are
formed. These atoms, which are electrically neutral, are no longer confined
in the nested trap and thus escape: the antihydrogen eventually collides
with the trap walls giving rise to the simultaneous annihilation of both the
antiproton and the positron. The antiproton—proton annihilation produces
on average 3—4 pions, while the positron—electron annihilation produces two
characteristic photons emitted back-to-back with energy of 511 keV. Both
the pions and the photons are detected by an innovative detector designed
to detect the space-time coincidence between the two annihilations (Fig. 2).

The antihydrogen detector, of 75 (140) mm inner (outer) diameter and
250 mm length, consists of a charged particle tracking detector in the form
of two cylindrical layers of 16 double-sided silicon strip detectors (160 x
19 mm?) each and of a photon detector in the form of a cylindrical array
of 192 scintillating pure CsI crystals (17 x 17.5 x 13 mm?®) read out by
avalanche photodiodes. The trajectories of charged particles through the
tracking detector are reconstructed as straight lines (with only two layers
we do not reconstruct the curvature) and the antiproton annihilation vertex
is determined by calculating the intersection between two or more tracks,
with an uncertainty of 4 mm due to the straight line approximation. The
photon detector measures the energies of low energy photons through the
photo-conversion peak and is mainly sensitive to 2-photon decay, with an
energy resolution of 24 % (FWHM) at 511 keV.
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Fig.2. The antihydrogen signature: the angle 6 between the two emitted photons
as seen from the annihilation vertex shows a peak at cosf = —1 if the vertex and
the two photons are collinear, indicating antihydrogen production. See text for
details of the detector configuration.

Two types of mixing are used to study the recombination process: in
standard conditions, the antiprotons are injected into the positron cloud
with a relative energy of about 15 €V and allowed to mix for 180 s before
they are ejected. We call this type of mixing ‘cold mixing’ because it happens
at cryogenic temperature. A second type of mixing, called ‘hot mixing’, is
obtained by exciting the axial motion of the positrons with a radio frequency
signal applied to one of the mixing trap electrodes bringing the plasma to
a temperature of several thousand Kelvin [13]: this results in a suppression
of the production of antihydrogen and allows evaluation of the background
component in the data and investigation of the temperature dependence of
antihydrogen production. For the background study we also have a third
type of mixing in which all the trapping and mixing sequences are executed
in a harmonic trap without positrons: in this antiproton-only data set, no
indications of antihydrogen production are expected.

3. Antihydrogen production

The data measured by ATHENA are believed to contain two components
coming from different processes: antiproton annihilations on the rest gas,
or on positive ions trapped together with the positrons, and antihydrogen
annihilation on the trap walls. In our analysis [15], we used the two types
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of mixing data (cold and hot) that contain the two processes in different
proportions to estimate the absolute production rate of antihydrogen and
the signal to background ratio. The hot mixing radial distribution shows an
enhancement at small radii consistent with annihilations on the rest gas or
on ions, while the cold mixing radial distributions shows an enhancement
consistent with annihilation on the trap electrodes (radius 1.25 cm) as a
result of antihydrogen formation.

An in-depth analysis has been performed to rule out any possible al-
ternative mechanism in the antihydrogen identification by analyzing three
experimental observables that can be used as indicators for antihydrogen:
(i) the radial distribution of the annihilation vertices, (ii) the opening an-
gle between the two photons as seen from the annihilation vertex and (%ii)
the trigger rate during the mixing cycle. The distribution of vertices are
analyzed to determine the relative rates of the two components (antihy-
drogen and antiproton-only annihilation) by performing a 2-dimensional fit
on the z—y distribution of the vertices for cold mixing in a fiducial volume
(z € [-0.5,1.5] cm) centered on the positron plasma (note that = and y are
transverse to the axis of the magnetic field in the z direction). The data
are fitted with a linear superposition of the experimental z-y distribution
for hot mixing and by the Monte Carlo distribution for a pure antihydrogen
sample (uniformly generated from r» = 0 and z < 1.5 cm and isotropically
emitted): the result (Fig. 3) gives an antihydrogen contribution of (64+3)%.
This result is in agreement with another fit which is performed on the
1-dimensional radial distribution: the data for cold mixing are interpolated
with a function given by the linear superposition of the distributions for
antiproton-only and for hot mixing data. The fit describes the cold mixing
data as consisting of (69 + 1)% annihilations on the trap electrodes and of
(31£1)% annihilations from background sources (i.e. consistent with events
found during hot mixing).

The production of antihydrogen is also demonstrated by analyzing the
distribution of the cosine of the opening angle: extensive Monte Carlo stud-
ies were performed before the data taking to take into account the effects
of the electromagnetic showers in the magnet coils generated by the pho-
tons from the 7% decay and indicated this angle as a crucial observable to
experimentally identify antihydrogen (Fig. 4, left). The “golden events” of
antihydrogen corresponds to cosf = —1, i.e. to a perfect overlap between
the vertex and the line joining the centers of two hit and selected crystals.
Events characterized by cosf # —1 can still correspond to antihydrogen
atoms. This is due to various reasons: the additional bremsstrahlung pho-
tons that falls in the photopeak energy window around 511 keV, the low
detection efficiency for these photons and the limited resolution on the ver-
tex reconstruction. For these reasons the ideal topology of an antihydrogen
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Fig. 3. z—y distribution of the reconstructed vertices in the fiducial volume for cold
mixing (left) and result of the fit described in the text (right).
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Fig. 4. Opening angle distributions: Monte Carlo predictions for the opening angle
distribution in the case of a pure antihydrogen sample (left, light shaded) and of
background antiproton-only annihilations (left, dark shaded area). Antihydrogen
events generate the cos§ = —1 peak, but are also present in the plateau (see text).
Same distribution for experimental data (right): the bold line represents data from
cold mixing, the light shaded area is the prediction of the radial distribution fit
and the dark shaded area is the contribution of the hot mixing data.

event is quite rare and a large fraction of antihydrogen events shows a ran-
dom value of the opening angle. While pure antihydrogen shows this peak,
the Monte Carlo data set for antiproton-only annihilations does not exhibit
a peak: this prediction is in very good agreement with the experimental data
(Fig. 4, right). As a further check for data consistency, we generated Monte
Carlo events for the two components of the fits to the radial vertex distri-
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butions normalized to the corresponding number of vertices and distributed
the opening angle for these simulated data without any renormalization: the
prediction from the radial distribution fit and the simulation is in very good
agreement with the experimental observations. This supports our assump-
tions and indicates a fraction of ~ (65+5)% due to antihydrogen production.
Also the study of the time evolution of the antihydrogen signals and of the
detector trigger rates shows a difference between cold and hot mixing which
is explained by antihydrogen production: the instantaneous trigger rate for
cold mixing shortly after the beginning of mixing is ~ 300 Hz for 10* in-
jected antiprotons and slowly decreases with time, while this behavior is not
present for hot mixing.

In conclusion, our analysis indicates that in 341 cold mixing cycles in
which 2.924 x 105 antiprotons have been injected in the mixing trap, about
494000 antihydrogen atoms have been produced: this correspond to an an-
tihydrogen production efficiency of ~ (17 £ 2)%.

4. Temperature dependence

Two mechanisms are believed to play a role in the recombination process
in ATHENA namely spontaneous radiative recombination and three-body
recombination. In the first process a photon carries away the binding energy
plus the kinetic energy of the positron in the center of mass frame, while
in the second process the excess energy and momentum is carried away by
a spectator positron. The two mechanisms predict a different dependence
of the production rate on the positron plasma temperature: proportional
to T—/2 for the two body process [16] and to T—9/2 for the three body
mechanism [17]. To study how the antihydrogen production is affected by
the temperature it is possible to suppress formation by the application of a
radio frequency excitation to the positron plasma, as was shown for the hot
mixing data. ATHENA has the unique possibility of heating the plasma with
different radiofrequency driving voltages and, for the first time, data were
collected for different plasma temperatures ranging from no heating (corre-
sponding to cold mixing) to ~ 3500 K (corresponding to hot mixing). The
three observables introduced in the previous analysis show dramatic changes
for different positron temperatures which can thus provide information con-
cerning the production mechanisms. A clear decrease of the antihydrogen
production with the temperature is indicated by our data, but a simple
power law 7712 or T79/2 or a combination of the two does not seem to fit
the data [18]. The analysis is still in progress and a paper is in prepara-
tion, but new data and new theoretical work are also needed to completely
understand the physics of the recombination process. What is clear is that
antihydrogen production is still observed at room temperature and this is
very important in the design in future experiments to produce antihydrogen.
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5. Conclusions and future perspectives

This article briefly summarized the recent experimental results of the
ATHENA collaboration that first succeeded in producing and observing
cold antihydrogen atoms. The ability to produce a high number of cold
antiatoms is necessary to perform laser spectroscopy: ATHENA is going in
this direction by implementing laser stimulated recombination to maximize
the antihydrogen yield and by making either a beam or by trapping the neu-
tral antihydrogen to do spectroscopy. All these improvements will require
time, but hopefully will facilitate new tests on fundamental symmetries and
will bring the study of neutral antimatter to the deepest.
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