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Abstract: Antihydrogen spectroscopy promises precise tests of the symmetry of matter and antimatter, and can possibly of-
fer new insights into the baryon asymmetry of the universe. Antihydrogen is, however, difficult to synthesize and is produced
only in small quantities. The ALPHA collaboration is therefore pursuing a path towards trapping cold antihydrogen to permit
the use of precision atomic physics tools to carry out comparisons of antihydrogen and hydrogen. ALPHA has addressed
these challenges. Control of the plasma sizes has helped to lower the influence of the multipole field used in the neutral
atom trap, and thus lowered the temperature of the created atoms. Finally, the first systematic attempt to identify trapped
antihydrogen in our system is discussed. This discussion includes special techniques for fast release of the trapped anti-
atoms, as well as a silicon vertex detector to identify antiproton annihilations. The silicon detector reduces the background of
annihilations, including background from antiprotons that can be mirror trapped in the fields of the neutral atom trap. A de-
scription of how to differentiate between these events and those resulting from trapped antihydrogen atoms is also included.

PACS Nos: 25.43.+t, 34.80.Lx, 36.10.-k, 37.10.Gh

Résumé : La spectroscopie de I’anti-hydrogéne promet des tests précieux de la symétrie entre matiére et antimatiére dans
I’univers. Cependant, I’anti-hydrogene est difficile a synthétiser et il n’est produit qu’en petite quantité. Le groupe de col-
laborateurs ALPHA poursuit donc des travaux pour capturer de 1’anti-hydrogene froid afin de permettre 1’utilisation
d’outils précis de mesure en physique atomique pour comparer 1’anti-hydrogene avec 1’hydrogéne. Nous montrons com-
ment ALPHA s’est attaqué a cette tiche et comment le contréle du volume de plasma a aidé a diminuer I’influence des
champs multipolaires utilisés dans le piege pour atomes neutres et ainsi abaisser la température des atomes produits. Fina-
lement, nous discutons le premier essai systématique pour identifier 1’anti-hydrogene piégé dans notre systeme. Ceci inclut
des techniques spéciales pour relacher rapidement les anti-atomes piégés, ainsi qu’un détecteur au silicium pour identifier
I’annihilation de 1I’anti-proton. Nous avons utilisé le détecteur au silicium pour réduire le fond d’annihilation, incluant celui
produit par les anti-protons qui peuvent étre dans le piege miroir des champs du piege a atomes neutres. Nous décrivons
aussi comment nous pouvons différentier entre ces événements et ceux qui résultent des atomes d’anti-hydrogéne piégés.
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Fig. 1. Schematic of the ALPHA setup. Antiprotons enter from the left and positrons from the right. The various parts of the apparatus are

discussed throughout the text.
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1. Introduction

Antihydrogen, the antimatter counterpart of hydrogen,
holds the promise of precise tests of the CPT theorem and
the weak equivalence principle through direct comparisons
with hydrogen [1]. Since the first formation of cold antihy-
drogen potentially amenable to such studies by the
ATHENA and ATRAP collaborations working at CERN in
2002 [2, 3], several groups have pursued comparisons in
various ways, though none have been carried out thus far.
For high precision in spectroscopic studies it is thought ad-
vantageous to first trap the antihydrogen atoms to allow for
accumulation of these very rare atoms, as well as to ensure
longer interrogation times. Here we describe the progress of
the ALPHA collaboration, a successor of the ATHENA col-
laboration, also working at CERN, towards this first goal.
Trapping of antihydrogen is complicated by the fact that
antiprotons can only be created at high energy and there are
no readily available methods for cooling the antihydrogen
atoms. We discuss how ALPHA has approached this chal-
lenge, how conditions have been reached where one could
expect to trap some antihydrogen atoms, and the results of
a systematic effort yielding the first few candidates events.

Antihydrogen, like hydrogen, can be trapped via its mag-
netic dipole moment. The potential energy U of a dipole of
moment f in a magnetic field B is

U= —pB (1)

which means that, assuming the dipole is a paramagnet, i.e.,
it orients itself parallel to B, the dipole can be trapped in a
three-dimensional magnetic minimum. For (anti)hydrogen in
the ground state, it is the Bohr magneton and we find a trap
depth of about 0.7 K/T. ALPHA has constructed a state-of-
the-art set of super-conducting magnets to form such a mini-
mum, creating an loffe-Pritchard-like geometry, where two
coaxial separated short solenoids (called mirror coils) form
the axial magnetic minimum and a coaxial octupole is used

to form the transverse minimum [4]. The resulting trap
depth is about 1 T. In earlier experiments by the ALPHA
predecessor ATHENA, as well as the competing experiment
ATRAP, it was found that antihydrogen was formed at tem-
peratures orders of magnitude larger those that can be held
in this depth [5, 6]. ALPHA has therefore expended consid-
erable effort on reducing the temperature of the synthesized
antihydrogen as will be detailed in the following.

The introduction of a magnetic minimum adds an addi-
tional complication to the trapping of antihydrogen. Mag-
netic fields that break the rotational symmetry of the
Penning—Malmberg trap used (see Sect. 2) can cause both
direct losses of the confined plasmas as well as increased
diffusive losses [7]. We have also observed that such proc-
esses, perhaps unsurprisingly, lead to heating of the plasmas.
Since the antihydrogen atoms are quickly lost, no readily
available cooling exists that could assist the trapping proc-
ess. Therefore, antihydrogen must be produced inside the
magnetic minimum at the required low temperatures. It was
thus essential that the magnetic-minimum trap caused as lit-
tle perturbation to the trapped charged particles as possible,
which is why an octupole was chosen to form the transverse
minimum rather than the more commonly used quadrupole.

2. Antihydrogen formation

In the experiments discussed here, antihydrogen is made
by merging plasmas of cold antiprotons and positrons. This
method has proven itself to be a robust and easy way to pro-
duce large amounts of antihydrogen in both the ALPHA and
the former ATHENA experiments [8, 9]. All charged par-
ticle traps used are of the Penning—Malmberg type where a
strong axial magnetic field confines the charged particles ra-
dially and axial electric fields confine them axially. The ax-
ial magnetic field is generated by an external solenoidal
magnet and is typically 1 T. The axial electric fields are
generated by individually excitable coaxial electrodes. The
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Fig. 2. Azimuthal projections of the antiproton annihilation vertex distributions during mixing with (a) no neutral atom trap and (b) the full
trap. Corresponding z-¢ distributions. Corresponding axial (z) distributions. (f) Dashed (red): fit to the distribution, see text; dot-dashed
(green) peaks in fit. The shaded area marks the three layer part of the detector used for tracking. Left of this area the detector has only one
layer of silicon. The slight asymmetry in the axial distributions (in particular the tails) is due to the lower reconstruction efficiency outside
the three layer section. For clarity the plots have been normalized to have the same total number of events. The total numbers of events with
and without the neutral trap were 6830 and 26823, respectively. The zero axial position is the center of the neutral atom trap.
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main apparatus in which antihydrogen is formed (Fig. 1),
consists of two main regions; one for capture and cooling
of the antiprotons, and one for making, and eventually trap-
ping, antihydrogen. The latter is also used for capturing
positrons that originate from an external Surko-type buffer
gas positron accumulator [10]. The magnetic-minimum trap
described earlier is superposed on this central region. The
trap system is cooled to ~8 K by the same cryostat that is
used to cool the superconducting magnetsthat form the trap
for antihydrogen.

Antiprotons are delivered by CERN’s unique antiproton
decelerator (AD) in batches of about 4x107 antiprotons
every 100 s at 5.3 MeV [11]. The kinetic energy of the anti-
protons is degraded by passing them through a thin,
~0.2 mm aluminium foil and they are then dynamically
trapped using potentials of a few kiloVolts. Before capture,
a small, typically about 2x 107, batch of electrons has been
loaded into the capture region. The electrons originate from
an electron gun located to the outside right of Fig. 1. The

Axial Position (Z) [cm]

gun is mounted on a translation device that also holds a
short cylindrical electrode to allow positrons to transfer
from the accumulator further to the right. Also mounted on
the translator is an imaging micro-channel-plate (MCP)
phosphor assembly, which, together with an externally
mounted camera, allows imaging of electrons, positrons,
and antiprotons [12], thus allowing us to measure their ra-
dial density profiles.

The antiprotons are left to cool on the electrons for typi-
cally 80 s. We then apply a so-called rotating wall (RW),
which is an azimuthally rotating dipole electric field, gener-
ated by imposing appropriately phase-shifted sinusoidal sig-
nals on each segment of an azimuthally segmented
electrode. The RW allows us to compress the antiproton—
electron mixture such that it will be less sensitive to the
transverse magnetic fields imposed by the magnetic-mini-
mum trap and ensures a better physical overlap with the
positrons [13]. The mixture is transported to the mixing re-
gion. In the meantime, positrons have been transferred from
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Fig. 3. Plots of the electric and magnetic fields used to create antihydrogen in a minimum-B neutral atom trap. The lower plot shows the
axial magnetic fields with (dot-dash) and without (long dash) the magnetic mirrors and the electric potential on axis at the beginning (solid
line) and the end (short dash) of the mixing cycle. The black ellipse indicates the initial position and energy of the antiprotons (p). The top
plot shows the corresponding total electric field strength versus radius and axial position at the end of the mixing.
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Fig. 4. Antiprotons lost as a function of trap depth. Annihilation events are counted while the trap depth is lowered over 100 ms. The
detector has a 25%+5% absolute efficiency for detecting an antiproton annihilation. The graph shows how many particles escaped at each
point in this process. The temperature is extracted by fitting the release of the first approximately two hundred escaping particles, and the fit
gave 219+33 K. The counting uncertainty is purely statistical, and the extracted temperature has not been corrected for adiabatic cooling nor
space charge (see text). The horizontal uncertainty represents the energy resolution of the measurement.
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the accumulator to the center of the trap, where their radial
extent has also been reduced by a second RW. After letting
both the positrons and antiprotons cool for about a minute,
the electrons are removed from the antiproton cloud by a
series of electric pulses that leave their shared trap open for
about 100 ns; long enough for the electrons to escape, but
short enough for the antiprotons to remain.

Finally, the antiprotons and positrons are slowly merged.
It is imperative that this process does not heat any of the

species as that would result in hot antihydrogen. In the
2009 experimental search for trapped antihydrogen, we
measured temperatures of the positrons of ~ 170 K and anti-
protons of ~300 K. Based on a code used by Robicheaux to
calculate cooling and recombination rates [14], we expect
that, for both species, at such temperatures the antiprotons
are expected to reach thermal equilibrium with the positrons
before antihydrogen is formed. Currently, the positron tem-
perature is the limiting factor for producing colder antihy-
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Fig. 5. Examples of reconstruction of (a) an antihydrogen annihila-
tion and (b) a cosmic ray event. The straight line pieces surround-
ing the centre are the silicon modules seen on the short edge. The
ring in the centre is the inner wall of the electrodes. The fat round
dots indicate where a module has been triggered and the curved
lines are the reconstructed tracks. The diamond marks the recon-
structed vertex (see text).

drogen. These temperatures are still much larger than what
can be held by our trap, but if antihydrogen is produced at
170 K a small fraction will be cold enough to be trappable.
We can measure the anitproton annihilation vertices using
a purpose-built three-layer silicon vertex detector (see Sect.
4). When antihydrogen is formed with the magnetic trap
turned off we observe a similar spatial distribution of the
antiproton annihilations as did ATHENA (see Fig. 2). The
distribution is smooth and azimuthally symmetric and the
annihilations coincident with the trap walls of ~22 mm ra-
dius, supporting the expectation that the neutral antihydro-
gen emerges without any spatially preferred direction. The
distribution is not perfectly isotropic as (i) the plasmas are
rotating due to the crossed electric and magnetic fields that
may add significant transverse velocity to the antihydrogen,
and (ii) the axial and transverse temperatures are not always
in equilibrium. This was studied in detail in ref. 5, and led
to the conclusion that antihydrogen created by launching
antiprotons into a positron plasma at electron-Volt energies
caused the antihydrogen formed to be too hot for trapping.
When antihydrogen is formed inside the neutral trap the
octupole significantly influences the outcome. In this case it
is necessary that the radial extent of the particle ensembles
is smaller than the so-called critical radius, a dynamic aper-
ture introduced by the superposition of an octupole on a
Penning—-Malmberg trap [15]. Particles beyond this critical
radius will be lost. When antihydrogen is formed within the
neutral trap, weakly bound antihydrogen may field-ionize on
the fields in the trap (see e.g., Fig. 3). As described in detail
in ref. 9, antihydrogen thus field-ionized may leave its anti-
proton beyond the critical radius, causing it to be lost imme-
diately along the field-line that it finds itself on following
the field-ionization. This process causes two axial peaks to
form, and the appearance of azimuthal peaks corresponding
to the rotational symmetry of the octupole magnet. When the
neutral trap is energized, the annihilation triggers measured
by the detector originate from a mixture of two event-types.
The first is antihydrogen that drifts from its creation point to
the wall and annihilates as antihydrogen. The second is anti-
hydrogen that is too weakly bound to survive the drift to the
wall, and field-ionizes at a point on the way, where its anti-
proton will be lost if the points falls beyond the aforemen-
tioned critical radius. By analysing the annihilation vertex

11

distribution we can distringuish between the two event types.
Only antihydrogen that does not field-ionize is potentially
trappable, and for the experiments detailed in this article
~80% of the annihilation detector triggers were caused by
such directly lost, and potentially trappable, antihydrogen.

3. Particle temperatures

Antihydrogen will inherit its temperature from the anti-
protons, since the relatively low mass of the captured posi-
tron means that it contributes almost nothing to the final
kinetic energy of a newly formed antihydrogen atom. The
positrons, however, do cool through the emission of syn-
chrotron radiation in the cryogenic environment of the traps
used. It was originally assumed that the antiprotons in the
merged plasma scheme would first cool to the temperature
of the self-cooling positrons, and then form antihydrogen.
Measurements from ATHENA demonstrated that this was
not the case when the antiprotons were injected with the
then-typical energy of up to 10 eV relative to the positron
plasma [5]. In recognition of these results we now introduce
the antiprotons very carefully into the positron plasma by a
minimum amount of manipulation of the potentials, as
shown, for example, in Fig. 3.

We can directly measure the temperature of all particle
species by gently lowering the confining potential while
counting the number of escaping particles, and thus measur-
ing the exponential tail of the Boltzmann distribution [16,
17]. For this to work, it is important that we be able to count
very low numbers of particles, as the space charge field of
the particle clouds as well as the changes in the cloud during
ejection can mask this information. Figure 4 shows a tem-
perature measurement of a typical ensemble of antiprotons
used for the trapping experiments described here. Particle-
in-cell simulations of our ejections show that the various ef-
fects such as space charge and adiabatic cooling leads us to
overestimate our temperatures by up to 40%. The tempera-
tures given here are the raw data, without compensation for
any such effects.

4. Detecting antiproton annihilations

When ejecting antiprotons axially from the trap we can
detect them by registering the resulting pions passing
through externally mounted scintillators connected to photo-
multiplier tubes. However, to enhance our ability to reject
cosmic events, and to distinguish antihydrogen from antipro-
tons, we have installed an annihilation detector similar to
that used by ATHENA [2, 5]. The annihilation detector con-
sists of three layers of double-sided silicon strip detectors
that can detect the position of a passing charged particle
[18]. By reconstructing the tracks from the charged pions
we can, once there are enough of these (minimum two), re-
construct the annihilation vertex of the antiproton whose an-
nihilation gave rise to the detected charged pions. The
magnets for the magnetic-minimum trap added additional
material between the vacuum in the trap and the detector,
such that it is not possible to detect the gamma ray photons
from positron annihilations as performed by ATHENA [2].

Figure 5 shows two examples of events detected by the
annihilation detector. The figure shows (a) a reconstructed
antihydrogen event, where three charged pions were de-
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Fig. 6. Currents in the octupole and the two mirror coils measured as a function of time after the fast de-energization of the magnets has
been triggered. The shaded area shows the window during which we searched for annihilations. The time constants have been determined by

exponential fits to the currents.
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Fig. 7. Measured distributions of (a) the number of identified charged particle tracks, (b) the radial coordinate of the vertex, and the squared
residual from a linear fit to the identified positions for the events with (c¢) two tracks and (d) more than two tracks. The distributions from
antihydrogen annihilations are shown in solid black lines and from cosmic rays in dotted red lines. The shaded regions in (b), (¢), and (d)

indicate the range of parameters that are rejected.
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tected, and (b) a cosmic event. The reconstruction algorithm
has fitted a vertex to the cosmic event, however, as will be
detailed later, we can use details of the topology to distin-
guish between the cosmic events and the antiproton events.
Apart from fully reconstructed events we also use an annihi-

e b b b by
0.1 02 03 04 05
Squared Residual [cm?]

lation detector trigger, signaling events a minimum of two
silicon modules. This trigger has an efficiency for antiproton
annihilations of ~85%, however, to identify the fraction of
these events that are antihydrogen we need the reconstructed
vertices as detailed earlier.
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Fig. 8. Clearing of antiprotons from the magnetic trap before de-
energizing it. (@) Magnetic field strength on axis and the axial
electric potential used to clear particles to the left. (b) Effective po-
tential calculated for antiprotons in the superposed fields shown in
(a) with different transverse kinetic energies. Above ~20 eV trans-
verse kinetic energy the electric field is no longer strong enough
prevent some particles from remaining.
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5. Trapping

Towards the end of 2009 we carried out a series of 212
trapping attempts. The antiproton clouds used for these ex-
periments were 0.8 mm in radius and typically contained
40000 antiprotons with a temperature of 358+55 K meas-
ured before injection into the positrons. The positron plasma
had a radius of 1.0 mm and and a density of 7x107 cm™ at
a temperature of 7110 K. Upon injection of the antiprotons
the temperature of the positrons increased to 194+23 K.

Before merging, the two particle species we energized the
magnetic-minimum trap to a depth of 0.5 K. We then
merged the two species for 1 s and observed 2700+700 an-
nihilation detector counts. Analysing the spatial distribution
of these annihilations in the same way as we did in ref. 9,
we estimate that about 80% of the triggers stem from anti-
hydrogen that annihilated directly on the inner surfaces of
the traps. The remaining 20% of the annihilations stemmed
from antihydrogen that is field ionized before reaching the
wall of the apparatus, creating an antiproton that is then lost
on the wall, as it is beyond the critical radius caused by the
octupole field. We distinguish these two types of annihila-
tions by fitting the axial spatial distribution of the annihila-
tions [9]. Antihydrogen that does not field-ionize can
potentially be trapped. To look for trapped antihydrogen we
clear out all remaining charged particles at the end of the 1 s
mixing time, and then abruptly turn off the magnetic mini-
mum trap. Our magnets have been designed such that we
can de-energize them by dumping their energy in an exter-
nal resistor network. This feature forms an integral part of
the quench protection system of the magnets, but the fast
de-energizing can also be triggered at will. Figure 6 shows
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the current in three trap magnets as a function of time. The
e-folding time of the current decay is 9 ms. We searched for
trapped particles in a 30 ms window after triggering the fast
shut down, or equivalently until the trap depth has been re-
duced to below 1% of its initial value.

6. Backgrounds for trapping

Before discussing what was observed in the trapping ex-
periments, we consider the possible backgrounds or fake
events that may arise in the experiment.

6. 1 Cosmics

Our annihilation detector also detects cosmic rays. To
separate cosmic events from true annihilations we make
cuts on the topology of the events. Figure 7 summarizes the
different cuts we apply. The particles we observe from cos-
mic rays are typically high energy and we therefore discrim-
inate using the curvature of the tracks forming the vertex.
We also consider the number of tracks composing a vertex
as well as the degree of overlap of the tracks and the vertex.
The latter is done by cutting on the residual, which is the
distance of all the tracks from the estimated vertex. Finally,
we also discard events based upon the radial position of the
vertex, deeming it a reconstructed annihilation of a cosmic if
the radius is significantly beyond the size of the trap. The
cuts were refined by applying them to large samples of both
cosmic and antihydrogen formation events. We optimized
for the maximum amount of cosmic rejection while trying
to retain as many annihilation events as possible. The final
result was a cosmic rejection of 99.5% while retaining an
over all efficiency of annihilation vertices of (40+7)%. The
cuts were applied to events in the 30 ms trapping window
only after they had been thus decided upon.

For the 2009 series of runs the expected cosmic back-
ground was 0.14 events in 212 runs. Six annihilations
(passing all the cuts) wereobserved. The probability of this
observation being due to fluctuations in the cosmic back-
ground is 9.2x 1079, corresponding to a significance of 5.6
standard deviations. We thus concluded that we have ob-
served antiproton annihilations upon de-energizing our mag-
netic-minimum trap in these experiments. However, as it
turns out, a more important background remains; mirror-
trapped antiprotons.

6.2 Mirror-trapped antiprotons

As our detector cannot distinguish between antiproton and
antihydrogen events we cannot a priori tell if the six ob-
served events were in fact antihydrogen or bare antiprotons.
The strong rejection of cosmics has convinced us that we
did observe antiproton annihilations, but that does not auto-
matically imply that they were due to antihydrogen.

As briefly mentioned earlier, we eject all charged par-
ticles from the trap before de-energizing the magnets and
looking for annihilations. Bare antiprotons can be trapped
by the magnetic fields due to their gyromagnetic moment.
An antiproton with momentum transverse to the magnetic
field will have a magnetic moment given by

__E,

P = g ()
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Fig. 9. The time after the start of the magnet shutdown and z-position relative to the centre of the trap of the simulated annihilations of (a)
mirror-trapped antiprotons and (b) antihydrogen atoms released from the magnetic trap. Individual simulated annihilations are shown as
discrete points. The lines show the contours of constant density, which contain 50% (green) and 99% (red) of the density when convolved
with the resolution of the detector. The solid diamond-shaped points mark the positions of the six candidate events identified in the trapping
experiment. Some mirror-trapped antiprotons impacted at +£14 cm, where a step in the radius of the electrodes occurs.
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where E,| is the kinetic energy of the particle in the plane
transverse to the local magnetic field and B is the magnetic
field. This magnetic moment is adiabatically conserved. If
the magnetic field varies along the trajectory of the particle,
energy is exchanged between the axial and transverse mo-
tions such that the magnetic moment remains constant. If
the magnetic field at some point along the trajectory is
strong enough with respect to thae field at the starting posi-
tion of the particle, all axial energy is removed such that the
particle reaches a turning, or reflection, point. This effect is
called “mirror-trapping.”

We cleared the charged particles that remained in the
magnetic-minimum trap by a series of pulses of an average
field of ~2.5 V/cm applied for 10 ms. For the first few pulses
we observed annihilations corresponding to a few tens of anti-
protons, but for the last pulses we no longer saw any ejected
antiprotons. This demonstrated that antiprotons can indeed be-
come mirror trapped, and that they can be efficiently ejected.

However, as Fig. 8 shows, the clearing fields we applied
cannot eject arbitrarily energetic antiprotons. If an antipro-
ton has a £, larger than 20 eV it will not be cleared by our
fields. This is a very large energy compared to the typical
temperatures of our particles in the mixing trap. Collisions
or energetic antiprotons remaining from the catching proce-
dure could in principle supply such energetic antiprotons,
however, estimates show this to be unlikely [19]. A less cal-
culable risk is that an experimental error or failing equip-
ment caused our experiment to perform sub-optimally in
such a way as to be a source of energetic antiprotons. As
we have not experimentally distinguished antiprotons from
antihydrogen, we have not experimentally demonstrated that
the events are a result of trapped antihydrogen.

z [cm]

To try to address this problem we have undertaken a ser-
ies of simulations of the dynamics of antiprotons and antihy-
drogen atoms during the de-energization of the magnetic
trap, as detailed in ref. 19. In the code, particles are given
an initial position and velocity from a pre-selected distribu-
tion, and their trajectories are calculated using the full 3D
Lorentz force based on the known magnetic and electric
fields present in the system. We used these simulations to
investigate the efficiency of the clearing fields discussed
above and found that, independent of the initial position of
the particles in the trap, the upper limit of E, that can be
cleared is 20 eV, as estimated from the simple on-axis effec-
tive potential calculations shown in Fig. 8. Further the simu-
lations were used to model the distribution in position and
time of annihilations occurring during the de-energization.

Figure 9 shows the results of these simulations overlayed
with the six annihilation events we observed during our 212
trapping search experiments. The distribution of released
mirror-trapped antiprotons depends upon the energy distribu-
tion assumed, but the example shown is representative. As it
turns out, the main features are not overly sensitive to the
initial parameters. The figure shows that mirror-trapped anti-
protons preferentially emerge in the axial centre of the trap,
with some peaks at +14 cm where there is an inward radial
step in the electrode radius. Contrary to this, antihydrogen
emerges fairly smoothly along the axis, and somewhat ear-
lier during the de-energization. Details of the calculations
are given in ref. 19.

The distinctly different features of antihydrogen and mir-
ror-trapped antiproton loss can be understood intuitively by
reflecting on their respective initial conditions. Antihydro-
gen held in our trap has a kinetic energy less than the equiv-
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alent of 0.5 K. An antihydrogen atom with this energy will,
depending on its initial momentum bounce relatively few
times before it can escape from the trap while the trap is
de-energized. Thus, the de-energization is quasi-instantane-
ous for trapped antihydrogen, which means that it will
emerge quasi-isotropically as observed in the simulations.
For antiprotons the situation is quite different. The antipro-
tons that survive the clearing are likely to be of electron-
Volt kinetic energy, and will thus undergo many bounces
during the de-energization and it is thus much more likely
that they be lost at points where the trap is particularly shal-
low. Antiprotons tend to follow field-lines, and as it turns
out, their trajectories mean that they escape to annihilate
nearer to the axial centre. A caveat to this argument when
dealing with real data rather than simulations is that since
we do not know for certain the source of mirror-trapped
antiprotons, if indeed any remain after clearing, we cannot
necessarily expect the argument for these to hold.

The six observed events overlap well with the antihydro-
gen-release distribution and very poorly with that of mirror-
trapped antiprotons. We conclude that the six events are
strong candidates for being caused by trapped antihydrogen
atoms.

7. Conclusions

We have presented the recent progress of the ALPHA col-
laboration towards trapping of antihydrogen. Because of the
shallow trap, the main obstacle is to make antihydrogen cold
enough to trap. We have discussed how the magnetic fields
used to form the trap for the neutral antihydrogen atoms im-
pose constraints on the properties of the particle ensembles
we can use for making antihydrogen. We further discussed
how ALPHA has overcome these obstacles and produced
antihydrogen inside the neutral atom trap, with temperatures
and densities unperturbed by the added magnetic trap fields.
The temperatures are still two orders of magnitude larger
than the trap depth for ground state antihydrogen, but theo-
retical estimates have indicated that a small fraction of trap-
pable antihydrogen could still be made.

During 212 trapping experiments we observed six candi-
date events. We have argued that the observed candidate
events are indeed antiproton annihilations and not cosmic
background in our annihilation detector. We further demon-
strate how we have cleared out mirror-trapped antiprotons
and what the limitations in this regard are. Our annihilation
detector cannot distinguish, on an event-by-event basis, be-
tween antiproton and antihydrogen annihilations, as we do
not detect the gamma photons stemming from the positron
annihilation in an antihydrogen annihilation. Instead, we
have simulated how the antiprotons and antihydrogen escape
differently once the magnetic trap is de-energized, and
found that the six candidate events are compatible with si-
mulated distributions of antihydrogen atoms and not with
mirror-trapped antiprotons. However, without knowing how
well the simulations performed represent the real experi-
ment, or an unambiguous control experiment, we cannot yet
definitively claim to have observed trapped antihydrogen.

To further increase the number of cold antihydrogen in
future experiments, something that would greatly improve
the likelihood of trapping, we have recently implemented
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evaporative cooling of the antiprotons, and managed to cool
clouds of these to ~9 K [17]. However, as mentioned ear-
lier, the positron temperature is currently the dominating
factor and we have, therefore, not yet applied this technique
in trapping experiments. We think the positron temperature
is currently limited by electronic noise, among other things,
and are actively pursuing ways to reduce this further. With
colder positrons and antiprotons and improved experimental
cross-checks, we believe that we will soon be in a position
to demonstrate the first trapping of antihydrogen.
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