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Abstract Precision spectroscopic comparison of hydrogen and antihydrogen holds
the promise of a sensitive test of the Charge-Parity-Time theorem and matter-
antimatter equivalence. The clearest path towards realising this goal is to hold
a sample of antihydrogen in an atomic trap for interrogation by electromagnetic
radiation. Achieving this poses a huge experimental challenge, as state-of-the-art
magnetic-minimum atom traps have well depths of only ∼ 1 T (∼ 0.5 K for ground
state antihydrogen atoms). The atoms annihilate on contact with matter and must
be ‘born’ inside the magnetic trap with low kinetic energies. At the ALPHA exper-
iment, antihydrogen atoms are produced from antiprotons and positrons stored in
the form of non-neutral plasmas, where the typical electrostatic potential energy
per particle is on the order of electronvolts, more than 104 times the maximum
trappable kinetic energy.

In November 2010, ALPHA published the observation of 38 antiproton annihi-
lations due to antihydrogen atoms that had been trapped for at least 172 ms and
then released – the first instance of a purely antimatter atomic system confined
for any length of time [1]. We present a description of the main components of the
ALPHA traps and detectors that were key to realising this result. We discuss how
the antihydrogen atoms were identified and how they were discriminated from the
background processes.

Since the results published in [1], refinements in the antihydrogen production
technique have allowed many more antihydrogen atoms to be trapped, and held
for much longer times. We have identified antihydrogen atoms that have been
trapped for at least 1,000 s in the apparatus [2]. This is more than sufficient time
to interrogate the atoms spectroscopically, as well as to ensure that they have
relaxed to their ground state.
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1 Introduction

Antihydrogen, as the bound state of an antiproton and a positron, is the simplest
pure-antimatter atomic system. Hydrogen, the matter equivalent, is perhaps the
best understood atomic system, with the 1S-2S atomic transition measured to a
precision of 1.8 parts in 1014 [3], and the ground-state hyperfine splitting deter-
mined to approximately 1 part in 1012 [4]. This extremely high precision means
that comparisons of transition frequencies in antihydrogen with those in hydro-
gen hold the promise of sensitive tests of CPT symmetry and matter-antimatter
equivalence.

The first cold (indeed, non-relativistic) antihydrogen atoms were synthesised
by the ATHENA experiment working at the CERN AD in 2002 [5]. The atoms
were produced by merging cryogenic plasmas of antiprotons and positrons in a
Penning-Malmberg trap. The atoms, being neutral, were not confined by the elec-
tric and magnetic fields that confine the charged particles and escaped the trap to
annihilate on the surrounding apparatus. ATHENA identified antihydrogen atoms
by detecting the spatially- and temporally- coincident annihilations of a positron
and an antiproton at the inner surface of the trap electrodes, the first matter ob-
ject encountered by an antihydrogen atom leaving the Penning-Malmberg trap.
Later that year, antihydrogen was also produced and detected by the ATRAP
experiment, also at the CERN AD, using a different detection technique, in which
an electric field was used to field-ionise highly excited antihydrogen atoms in flight
and collect the antiprotons for later counting [6].

Even though produced in cryogenic conditions, the atoms in these experiments
had sufficient velocity to cross the trap in a small fraction of a second and so are
short-lived and difficult to study spectroscopically. A likely better route to achieve
this is to confine antihydrogen atoms in an atomic trap, where they can be held
and experimented upon for a longer time. This also ensures that the highly-excited
atoms thought to be produced in antiproton-positron mixing have sufficient time
to reach the ground state, and could allow the application of techniques such as
laser cooling to reduce the sample temperature and increase the measurement
precision.

2 The ALPHA apparatus

Antihydrogen atoms do not exist in nature and thus cannot be readily loaded
into an atomic trap in the usual fashion for cold-atom experiments. Instead, the
atoms must be produced from antiproton-positron combination inside the atomic
trap, and be prevented from reaching the trap boundaries at all times i.e. they
must be ‘born trapped’. A suitable geometry to achieve this is a superposition
of a Penning-Malmberg trap for the charged particles and a Ioffe-type magnetic
minimum trap for the neutral atoms. A schematic of this arrangement in ALPHA
is shown in figure 1.
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Fig. 1 A schematic, cut-away, diagram of the antihydrogen production and trapping region of
the ALPHA apparatus, showing the positions of the annihilation detector, magnetic minimum
trap magnets and Penning trap electrodes. The components are not drawn to scale.

2.1 The magnetic minimum trap

Hydrogen (and antihydrogen) atoms have a small permanent magnetic dipole mo-
ment which, in the presence of a magnetic field, has a an associated potential
energy

U = −µ ·B. (1)

A three-dimensional maximum of magnetic field is forbidden by Maxwell’s equa-
tions, though a three-dimensional minimum is not, allowing traps for atoms with
a negative µ (so-called ‘low-field-seeking atoms’) to be constructed.

A common variety of magnetic minimum trap is the Ioffe-Pritchard type [7],
comprised of a multipole magnet to produce a magnetic field with a minimum in
magnitude transverse the axis of trap, and two short solenoids (‘mirror coils’) to
generate a magnetic minimum along the axis. The transverse magnetic field of the
multipole coil can potentially disrupt the confinement of the charged particles by
the Penning-Malmberg trap. Measurements on stored non-neutral plasmas in such
a device demonstrated that there is an increased rate of diffusion in the transverse
direction [8], which reduces the storage time and can also result in heating through
the release of electrostatic potential energy. It is therefore desirable to reduce, as
much as possible, the strength of the transverse magnetic field to which the plasmas
are exposed. As the plasmas are confined in a small region near the axis of the
trap, this can be achieved by choosing a higher order multipole (for a multipole of
order l, the transverse magnetic field B⊥ scales as rl−1).

For this reason, ALPHA opted to construct an octupole-based magnetic trap
instead of the more typical quadrupole-based Ioffe trap. The ALPHA octupole
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produces a transverse magnetic field of 1.54 T at the inner radius of the trap
electrodes r=rw = 22.275 mm. The centres of the mirror coil magnets are displaced
137 mm axially to either side of the trap centre, and produce a magnetic field of
1.0 T at their centres. These fields combine with a solenoidal (axial) magnetic field
of 1.0 T, needed to confine particles in the Penning-Malmberg trap, to produce a
trap depth of 0.8 T, equivalent to a kinetic energy of 0.54 K × kB for ground state
antihydrogen atoms.

The octupolar magnetic field increases rapidly with radial position near the
current-carrying windings, so to maximise the use of the magnetic field, the dis-
tance between the windings and the inner boundary of the trap volume must
be made as small as possible. For this reason, ALPHA designed the Penning-
Malmberg trap electrodes in the trapping region to have a maximum thickness of
less than 1 mm and wound the superconducting wire of the octupole directly onto
the wall of the vacuum chamber containing the electrodes and particles.

The prototypical antihydrogen trapping experiment involves capturing antihy-
drogen atoms formed in the trap and later releasing these atoms by de-energising
the magnets and detecting their annihilation when they strike the surrounding
matter objects. In such an experiment, a large part of the background will stem
from cosmic-ray particles, which can produce a false signal in the detector used
to detect the annihilation products (see section 2.2). The simplest way to re-
duce this background is to minimise the length of the time window over which
the antihydrogen atoms are expected to escape. This is accomplished using the
‘quench protection system’ of the magnets; a similar system is present in many
powered superconducting magnets to protect the magnet from any damage that
could be caused by run-away heating due to a transition from the superconduct-
ing to normally-conducting state in the magnet system (a ‘quench’). In ALPHA, a
system of voltage monitors detects a quench through the voltage drop induced by
current flowing in a section of normally conducting material [9]. In an antihydro-
gen trapping experiment, the quench protection system is deliberately externally
triggered to induce the rapid shutdown of the trap.

A semiconductor switch (of the IGBT type) is used to rapidly divert the current
flowing in the magnets through an external resistor network, where the energy
is dissipated as heat. Simultaneously, current entering from the power supply is
diverted using a second semiconductor device. The speed at which the current
is removed is determined by the inductance of the magnet and the resistance of
external resistor network, and is limited by the maximum voltage that is safe to
induce across the magnet. Measurements of the current decay (figure 2) show that
the currents decay with time constants 9 ms in the octupole and 8 ms in the mirror
coils. We define an observation window of 30 ms following the shutdown over which
we expect antihydrogen atoms to escape. The short length of this window reduces,
by a large factor, the level of background from cosmic rays.

2.2 Antiproton annihilation detector

An antiproton escaping the trap will impact, and annihilate upon, the inner surface
of the Penning-Malmberg trap electrodes. An antiproton annihilation will produce
a number of charged particles that will penetrate the surrounding material. The
ALPHA detector is a three-layer, two-sided silicon strip detector designed to track
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Fig. 2 The measured current flowing in the magnetic minimum trap magnets following a
triggered shutdown at t=0. The dependence is exponential, with time constants 9 ms for the
octupole and 8 ms for each of the mirror coils. The orange region shows the 30 ms window
over which the search for the escape of trapped antihydrogen atoms was conducted.

Fig. 3 Examples of a typical antiproton annihilation and cosmic ray event as reconstructed
by the ALPHA detector. The straight segments are the silicon layers, the circle is the inner
radius of the Penning-Malmberg trap electrodes, the red points mark charged-particle hits,
the red curved lines are reconstructed tracks, and the blue diamond is the position of the
reconstructed vertex.

the daughter particles and identify their common point of origin to determine the
three-dimensional position of the antiproton’s annihilation. The detector extends
over the entire trapping region and has a total active length of 46 cm.

Passage of the charged particles through the silicon leaves charge deposits
(‘hits’), which are amplified and digitised to determine the three-dimensional point
of passage. Determining the particles’ trajectories becomes a sophisticated game
of ‘join-the-dots’, and the intersection of the trajectories (‘tracks’) determines the
point of annihilation (‘vertex’). Example of reconstructed events can be seen in
figure 3, while further details of the algorithm can be found in [10]. The detector
can resolve annihilations with a precision of approximately 0.27 cm in the axial
direction and 0.44 cm in the transverse direction.
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High-energy particles from cosmic rays that pass through the detector can ap-
pear to be composed of two almost-collinear tracks. Such events can be mistaken
for antiproton annihilations, and form one of the principal backgrounds to identi-
fying trapped antihydrogen atoms. To distinguish cosmic-rays, and eliminate them
as signal, we define criteria on a number of parameters of the reconstructed annihi-
lation. We expect antiproton annihilations to occur within the Penning-Malmberg
trap (i.e. within 2.2 cm of the axis of the experiment), while cosmic rays can be
scattered through the detector volume, so we require that the distance from the
axis is less than 4 cm. In addition, we fit a straight line to sets of six charged par-
ticle hits and examine the sum of the squared residual distances. Cosmic rays tend
to resemble straight lines and are characterised by small values of this quantity.
When there are just two identified tracks, we require the residual to be greater
than 2 cm2. When there are more than two identified tracks, we can relax this
criteria, as only rarely do cosmic rays produce more than one track; we require
the squared residual value to exceed 0.05 cm2.

Using this method, we reduce the background acceptance rate to (47 ± 2) ×
10−3 s−1 (from a ‘raw’ trigger rate of ∼ 10 s−1), while retaining ∼ 64% of anni-
hilations [2].

3 Producing trappable antihydrogen

A simple model for the number of antihydrogen atoms that can be trapped can
be expressed as the following equation:

Ntrapped = Nproduced × fLFS × f0.54 K, (2)

where Ntrapped and Nproduced are the number of antihydrogen atoms trapped and
produced, respectively, fLFS is the fraction of atoms produced in trappable, low-
field-seeking, states and f0.54 K is the fraction of atoms that are produced with an
energy below 0.54 K.

The number of antihydrogen atoms produced in an experiment depends on a
large number of variables, including the numbers, density, and temperatures of
positrons and antiprotons present, the electric and magnetic fields present, etc...
and is not easily calculable, but is rather better measured.

The fraction of atoms in low-field seeking states is a function of the temperature
of the positron plasmas [11]. At the temperatures typical in ALPHA (50-100 K),
to a good approximation, half of the atoms will be low-field-seeking [11].

Antihydrogen atoms are produced by confining spatially overlapping distribu-
tions of antiprotons and positrons in a nested Penning trap (see figure 4), [12].
A positron plasma is placed at the centre of the nested well, while antiprotons in
an excited distribution pass back and forth, interacting with the positron plasma,
with some fraction combining to produce antihydrogen. Due to the larger mass of
the antiprotons, the momentum of an antihydrogen atom produced will be domi-
nated by the momentum of the antiproton immediately before combination. This
can be thought of as being made up of ‘thermal’ motion in a random direction
characterised by a continuous velocity distribution and an additional ‘E×B’ com-
ponent due to the forces on the antiproton by the electric and magnetic fields in
the trap. The value of f0.54 K is determined by integrating the velocity distribution
defined by these components up to the trap depth.
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p
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Fig. 4 A schematic representation of a nested Penning trap, showing the electric potential as
a function of the axial coordinate. In this example, positrons (e+) are held in the central well,
while antiprotons (p̄) are confined in the outer well.

3.1 Autoresonant injection

Measurements by the ATHENA collaboration [13] indicated that when antipro-
tons were introduced (‘injected’) with several eV of kinetic energy, the resulting
antihydrogen velocity distribution had a non-isotropic character, indicating that
antihydrogen formation occurred before the antiprotons and positrons had come
into equilibrium. In this case, it is likely that the antihydrogen had velocities com-
mensurate with a substantial fraction of the several-electronvolt injection energy.

To minimise this effect, ALPHA developed an alternative technique to produce
an antiproton distribution that allowed the antiprotons and positrons to be placed
in contact with lower relative kinetic energies. This technique relies on the au-
toresonant excitation of the axial oscillatory motion of the antiproton cloud [14].
When antiprotons are placed in an anharmonic potential such as that found in
the ‘side-wells’ of the nested Penning trap, the position of the centre-of-charge
of the cloud exhibits oscillatory behaviour with a frequency that is a function of
the longitudinal energy. It is a general property of such oscillators that when the
frequency of an external resonant drive is changed, that the oscillator’s energy will
change to keep the oscillatory motion in resonance with the drive.

As the frequency of the external drive can be well-controlled, this allows for
precise control of the longitudinal energy of the antiprotons. When used as an
injection tool, one makes use of the fact that the longitudinal energy-oscillation
frequency relationship has a discontinuity when the antiprotons have just enough
energy to enter the positron plasma. When driven to this point, antiprotons fall
out of resonance with the drive and cease to resonantly gain energy. This can
be exploited to inject antiprotons into the positron plasma with a minimum of
relative kinetic energy.

Autoresonance is quite a general phenomenon: it has been observed and has
found applications in several areas of physics, including particle accelerators, the
motion of celestial bodies, and trapped non-neutral plasma modes. The specific
application of autoresonance to excitation of antiproton plasmas in ALPHA can
be found in [14], [15], [16].
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3.2 Evaporative cooling

In a low-relative kinetic energy arrangement such as that produced by autoresonant
injection, calculations and preliminary measurements indicate that the antiprotons
and positrons will come into equilibrium quickly, and the thermal component of
the antiproton/antihydrogen velocity will be characterised by the temperature of
the positron plasma [17], [11]. In the parameter range in which ALPHA typically
operates (where the positron temperature is 50-100 K, the positron density is ∼

7×107 cm−3, and the typical antiproton radius is 0.4 mm), the thermal component
of the velocity ∼ 500 m s−1 dominates over the E× B component (∼ 200 m s−1),
and thus is the principal determining factor for the fraction of antihydrogen atoms
that can be trapped. Reduction in the positron temperature, all else remaining
equal, will thus be expected to increase the number of trapped antihydrogen atoms.
At sufficiently low positron temperatures, the E × B contribution will become
dominant, and the route towards higher numbers of trapped antihydrogen atoms
will be, all else being equal, through reducing the electric field (by reducing the
positron plasma density) or through compressing the antiproton cloud closer to
the trap axis.

As passive cooling through the emission of cyclotron radiation appears to be
unable, by itself, to cool stored plasmas in ALPHA to very low temperatures, active
cooling techniques must be employed to produce colder plasmas. To achieve this,
ALPHA has adopted a technique from atomic physics – evaporative cooling. On
neutral atoms, evaporative cooling has been key to preparing ultra-cold ensembles
of atoms and achieving Bose-Einstein condensation [18]. Before demonstrated by
ALPHA [19], evaporative cooling of charged particles at cryogenic temperatures
had never been achieved.

The principle of evaporative cooling is the selective removal of particles from
the high-energy tail of a velocity distribution. When the hottest particles are re-
moved, the mean energy per remaining particle is reduced, and the distribution
evolves through collisions and reaches an equilibrium at a lower temperature. In
charged-particle evaporative cooling in a Penning-Malmberg trap, the high-energy
particles are removed by placing the plasma in a shallow potential well. The energy
of any particle fluctuates as it undergoes collisions with other particles; a particle
that reaches an energy larger than the well depth U will simply pass over the con-
fining potential and escape the trap. We characterise the temperature of a plasma
stored in this regime by the ratio of well depth to temperature η = U/kBT and the
evaporation rate by a evaporation time τev, defined by dN/dt = N/τ

ev
, where N

is the number of particles. τev can be related to η and the antiproton-antiproton
collision rate τcol through [19]

τev
τcol

=
2

3
η eη. (3)

The exponential dependence of τev on η means the evaporation rate drops precipi-
tously once η becomes low enough, with the result that, to a good approximation,
T is a function of only U (i.e. η tends to a constant value). For evaporative cooling
on antiprotons, we have found that in the range ∼ 10−1000 K, η is approximately
constant, with a value ∼ 12.

Evaporative cooling inherently involves sacrificing some of the stored particles,
reducing the density of particles in the trap, and there is a trade-off between
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achieving lower temperatures and retaining a larger fraction of particles. Typically,
we employ evaporative cooling on antiprotons to temperatures of 100-200 K, which
retains approximately 50% of the particles when starting from a temperature of
∼ 600 K. We have achieved antiproton temperatures as low as (9 ± 4) K, while
retaining as much as 10% of the starting number of particles.

The particles evaporating from the plasma are lost close to the axis of the
trap, where the well depth is smallest. This creates a hollowed-out charge profile,
which tends to redistribute itself to an equilibrium shape. In doing so, the total
canonical angular momentum of the particles must be conserved, and thus the
plasma expands transversely. For particles escaping exactly on the axis (in reality,
they escape from an area approximately one Debye length across), the size of the
plasma will follow [19]

r

r0
=

√

N0

N
, (4)

where r and N are the plasma radius and number of particles, respectively, and the
subscript zero refers to the initial conditions. Transverse expansion is undesirable,
as it increases the magnitude of the E × B velocity when the antiprotons pass
through the positron plasma.

Evaporative cooling can also be employed on plasmas of electrons and positrons.
Indeed, since antihydrogen is formed at the positron temperature, evaporative cool-
ing of positrons has a more direct impact on the number of trappable antihydro-
gen atoms produced than cooling of the antiprotons. The behaviour of evaporative
cooling on the lighter species is qualitatively the same as for antiprotons, except
that the timescales are much shorter, as might be expected from the high collision
and cyclotron radiation rates. Further details on evaporative cooling in ALPHA
can be found in [19] and [20].

4 Identifying trapped antihydrogen

As already described, detection of trapped antihydrogen in ALPHA involves switch-
ing off the magnetic trap and identifying the annihilation of antihydrogen atoms
as they impact the apparatus. There are two principal types of backgrounds to
consider. The first is comprised of non-annihilation events recorded by the an-
nihilation detector, mostly made up of cosmic rays and electronic noise. These
processes have an approximately constant rate, and are suppressed by the short
trap shut-off time and effectively eliminated by examination of the event topology,
leaving a background rate of only 47 mHz (section 2.2). The second background
process is made up of real antiproton annihilations that are not due to antihy-
drogen atoms, most likely due to rare antiprotons that can become trapped in
the magnetic minimum. Such antiprotons produce identical annihilation signals to
bare antiprotons, and present a background for trapped antihydrogen detection.

Charged particles in a magnetic field with spatially-varying strength move in
an effective potential

V = E⊥,0

(

B −B0

B0

)

+ q Φ, (5)

where E⊥,0 is the kinetic energy of the particles in the degrees of freedom trans-
verse to the magnetic field at the point where B = B0, q is the charge of the
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particle and Φ is the electric potential. Both B and Φ can be spatially varying.
Particles trapped in spatially varying magnetic fields are usually referred to as
‘mirror-trapped’.

To remove such particles, ALPHA applies a series of spatially and temporally-
varying electric field pulses so that, for all particles with E⊥,0 . 25 eV, no mini-
mum of the effective potential exists and the particles are removed. In the compli-
cated three dimensional field configuration, the motion of the antiprotons and the
probability that they are removed from the trap by the electric fields are evalued
by a Monte-Carlo like computer simulation, incorporating realistic models of the
experiment geometry. However, the simulations imply that particles with higher
E⊥,0 could still be trapped.

Obvious potential sources of high E⊥,0 antiprotons (such as antihydrogen field-
ionsation, antiproton-gas collisions, etc...) have been considered and the rates at
which they occur have be calculated to be too small to contribute to a signal [11].
However, given that there are many complex factors at play, and that there was
such a large disparity between the number of antiprotons present in the appara-
tus during antihydrogen production, just prior to the trapped-atom identification
window, and the sensitivity to trapped antihydrogen (∼ 30,000 antiprotons versus
. 0.1 atoms per trial), it was difficult to guarantee that deficiencies in the model
of the experiment or unaccounted-for processes cannot contribute at the level of 1
part in 10−5.

It is possible to distinguish between trapped antihydrogen atoms and mirror-
trapped antiprotons by examining the position and time at which the particles es-
cape the magnetic trap. Uncombined antiprotons and neutral antihydrogen atoms
are expected to produce different distributions in the two-dimensional (z, t) param-
eter space of the annihilation, mostly due to the differing scale of their velocities
compared to the timescale at which the magnetic field is removed. Antihydrogen
atoms with 0.54 K of kinetic energy move at less than 100 m s−1, and take of
order 1 ms to cross the trap, while electronvolt range antiprotons have velocities
in the range 104 ms−1 and cross the trap in no more than tens of microseconds.
Antiprotons thus have time to ‘explore’ the trap boundaries and are more likely to
escape the trap close to the point where the trap depth is lowest, which is midway
between the mirror coils. The magnetic field changes substantially over one period
of an antihydrogen atom’s motion in the trap, and therefore the escape positions
will be more widely spread around the central position.

The exact escape distributions can be calculated with extensions of the com-
puter simulations mentioned above, incorporating measurements of the decay of
the current in the magnets, and compared to the positions of observed annihila-
tion events, measured using the annihilation imaging detector, to evaluate if the
event is compatible with the escape of an antihydrogen atom (signal) or a bare
antiproton (background). Figure 5(a) shows the simulated (z, t) distribution for
antihydrogen atoms as grey points, while the distribution for antiprotons escaping
in a flat electric potential can be seen as the green points in figure 5(b).

During 2009, ALPHA conducted an antihydrogen trapping experiment, dur-
ing which six ‘candidate’ events (i.e. fulfilling the criteria for selection as an
annihilation-like event) were identified [11]. The expected background from falsely
selecting cosmic-ray events as annihilations was 0.14 events, meaning that the ob-
servation of six events had a significance of 5.6σ above the background. While a
comparison of the (z, t) coordinates of the candidates and the simulated distribu-
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Experiment type Number of attempts Antiproton annihilations
Ez = 0 137 15
Ez > 0 101 11
Ez < 0 97 12
Heated positrons 246 1

Table 1 A summary of the number of number of detector events meeting the criteria for
selection as antiproton annihilations and rejection as cosmic rays in the experiments with
different configurations of electric field and with heated positrons (from [1]).

tions implied that the events were incompatible with a mirror-trapped antiproton
background, a number of unknowns, including how well the simulated experi-
ment reflected the real device, remained and stronger discrimination was needed
to definitively identify trapped antihydrogen.

Still clearer identification can be achieved by releasing the trap while applying
an axial electric field. Bare antiprotons, being charged, will be deflected to one
side, while the neutral antihydrogen atoms will not be affected. The blue and red
coloured points in figure 5(b) show the simulated distributions for electric fields
with Ez > 0, which pushes antiprotons to the left (negative z) and Ez < 0, pushing
antiprotons to the right (positive z). The results of these simulations are valid up
to antiproton energies at least of the order of hundreds of electronvolts, higher
than any plausible mechanism related to antihydrogen production. Experiments
using artificially-produced distribution with high E⊥,0 to deliberately mirror-trap
antiprotons have reproduced the behaviour of the simulations.

A final control experiment, to rule out more exotic processes that could produce
very high-energy antiprotons (one possibility could be related to the capture of the
antiproton beam from the Antiproton Decelerator) makes use of a radio-frequency
drive to artificially heat the positron plasma during antihydrogen production [5].
This is expected to suppress the number of trapped atoms in two ways – first,
the number of atoms produced will decline due to the inverse dependence of the
production rate on the positron temperature. Secondly, the temperature of the
atoms will be higher, and fewer will have trappable kinetic energies. In a series
of 246 experiments, one annihilation signal was observed, incompatible with both
the antihydrogen and antiproton escape distributions (see the magenta point in
figure 5), and is possibly attributable to a misidentified cosmic-ray particle (the
expected cosmic-ray background in 246 experiments is 0.34 events).

A series of experiments incorporating the full range of controls and check ex-
periments was carried out at ALPHA in 2010, and is presented in full in reference
[1]. The main results of this experiment can be see in figure 5, where the coloured
circles and triangles mark the times and positions of detector events that fulfilled
the criteria for selection of an antiproton annihilation. Three configurations of the
electric field present during the measurement were used: none, a field to deflect
antiprotons to the left, and one to deflect antiprotons to the right.

The number of experiments and observed annihilations are summarised in ta-
ble 1. The expected cosmic background for these measurements is 0.46, with which
the observation of 38 annihilation-like events is incompatible to a significance level
of more than 16 standard deviations. Comparing the measured events to the sim-
ulated (z, t) distributions in figure 5, we see that the observed annihilations are
highly incompatible with the release of mirror-trapped antiprotons, and (with a few
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Fig. 5 The two-dimensional time-position (z, t) distributions for the escape positions of (a)
antihydrogen atoms and (b) mirror-trapped antiprotons after a shutdown of the magnetic trap
at t=0. The dots are the result of numerical simulations of the trajectories of the particles in
the magnetic and electric fields of the apparatus. In (b), the green, blue and red distributions
correspond to experiments with no applied electric field, an electric field pointing to positive
z and an electric field pointing to negative z respectively. The green circles, blue up-pointing
triangles and red down-pointing triangles mark the measured times and positions of candidate
antihydrogen annihilations in ALPHA for the same electric field configurations. The magenta
cross marks the position of the event observed after antihydrogen production using externally-
heated positrons.

exceptions) are consistent with the expected distribution of trapped antihydrogen
annihilations. In addition, the distributions measured with different applied elec-
tric potentials are consistent with each other, indicating that the trapped particles
are not affected by electric fields, and are thus likely to be neutral.

This allows us to rule out the backgrounds and conclude that antihydrogen
atoms had been trapped in the experiment, the first time that this had been
achieved.

Continuing development and refinement of the antihydrogen production tech-
nique has resulted in improvements in the number of antihydrogen atoms trapped
and detected each experiment, and rates approaching one trapped atom per trial,
compared to 1 in ∼ 9 in [1], have been achieved. This is the most relevant param-
eter to experimental operations, as it will determine the size of the spectroscopic
signal that can be generated in a given run period.

5 Long-time confinement of antihydrogen atoms

Without knowing how long the antihydrogen atoms produced could survive in the
magnetic minimum trap, the first experiments [1] were designed so that the trap de-
energised immediately after clearing away left-over antiprotons and positrons. This
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took place over 172 ms, setting a rough lower bound on the typical confinement
time. By simply inserting a pause (‘holding time’) between the removal of the
uncombined particles and the release of the trap, we can directly measure the
confinement time.

Holding time (s) 0.4 10 50 180 600 1000 2000
Number of experiments 119 6 13 32 12 16 3
Detected events 76 6 4 14 4 7 1

Table 2 Summary of number of experiments and number of detected annihilation events for
various holding times.

Table 2 shows the number of experiments and number of annihilation events
observed with holding times between 0.4 and 2000 s (reported in [2]). At holding
times shorter than 1000 s, the annihilations are incompatible with the cosmic
background to a significance ∼ 8.0σ, allowing us to draw the conclusion that some
atoms survive at least this long in the apparatus.

The limiting factor is expected to be interactions between the antihydrogen
atoms and residual gas atoms in the apparatus, either through collisional energy
transfer imparting enough kinetic energy to the trapped atoms to drive them
from the trap, or through annihilation between the antiproton and a gas nucleus
[2]. The cryogenic vacuum conditions in the ALPHA apparatus (estimated at a
atom/molecule density of 5× 1010 m−3 for hydrogen or helium) plays a large part
in reducing the rates of these processes to of the order of 1000 s.

6 Outlook

The realisation of trapped antihydrogen opens the door to the first spectroscopic
measurements on pure-antimatter atoms, and eventually leading to high-precision
measurements capable of testing CPT and matter-antimatter symmetries. The
long confinement time (of order 1000 s) enables a correspondingly long interaction
time between the atoms and the electromagnetic radiation. The first measurements
are likely to be to probe the ground-state hyperfine structure (using microwave-
frequency fields [21]), while preparations are underway to construct an apparatus
that will admit laser radiation to probe the 1S-2S transition.

The challenges that must be faced include the prospect of precision spec-
troscopy in the presence of the highly-inhomogeneous magnetic fields, and pro-
ducing a sufficiently high radiation density over a significant fraction of the large
trap volume (∼ 1 dl). The experiments are envisaged to use the identification of
the annihilation of an atom driven from a trapped to an untrapped state as the
spectroscopic signal, and identification of such annihilations against the cosmic-
ray background over extended periods of time will remain important. As always,
improved understanding and control over the antihydrogen production process will
produce larger numbers of trapped atoms available for experimentation and will
be needed to reach higher levels of spectroscopic sensitivity.

In addition to the direct impact on spectroscopic measurements, the long an-
tihydrogen atom confinement time makes possible experiments that would have
been considered impossible before. Among them is possible laser cooling, which
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would open the road to cooling to a level where gravitational effects would become
apparent.
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