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Abstract. Sources of positrons and antiprotons that are currently used for the formation
of antihydrogen with low kinetic energies are reviewed, mostly in the context of the ALPHA
collaboration and its predecessor ATHENA. The experiments were undertaken at the Antiproton
Decelerator facility, which is located at CERN. Operations performed on the clouds of
antiparticles to facilitate their mixing to produce antihydrogen are described. These include
accumulation, cooling and manipulation. The formation of antihydrogen and some of the
characteristics of the anti-atoms that are created are discussed. Prospects for trapping
antihydrogen in a magnetic minimum trap, as envisaged by the ALPHA collaboration, are
reviewed.

12th International Workshop on Slow Positron Beam Techniques (SLOPOS12) IOP Publishing
Journal of Physics: Conference Series 262 (2011) 012001 doi:10.1088/1742-6596/262/1/012001

Published under licence by IOP Publishing Ltd 1



1. Introduction
The controlled formation of antihydrogen by the interaction of cold clouds of antiprotons and
positrons has become routine since 2002, when the first successful experiments were reported
by the ATHENA [1] and ATRAP [2] collaborations. Several investigations have been performed
since which have shed light on the antihydrogen created under the conditions of these two
experiments, which typically involved mixing antiprotons with positron plasmas in Penning
traps, with their concomitant electric and strong magnetic fields. The work has included
experiment, theory and simulation. The individual references to these studies are too numerous
to list here; the interested reader is referred to the following articles, where much of the work is
synthesised or reviewed [3, 4, 5, 6].

The motivation for producing antihydrogen is to eventually compare its properties with those
of hydrogen. In spectroscopic terms, the 1S-2S two-photon [7], and the ground state hyperfine
[8] transitions in atomic hydrogen are some of the best known quantities in physics, and it
is these lines which are a natural starting point for antihydrogen spectroscopy. Furthermore,
experimental studies of the gravitational interaction of antimatter with matter have never been
performed, and will surely be a focus of experimental attention [9, 10]. Theoretical motivation
for the latter has been summarised elsewhere [3], whilst extensions to the Standard Model of
Particle Physics to incorporate effects which may produce spectral shifts between the lines of
hydrogen and antihydrogen (i.e. CPT violation) have been given by Kostelecký and co-workers
and others [11, 12, 13, 14].

In several of the experimental approaches to comparisons of hydrogen and antihydrogen (and
in particular spectroscopy), it is envisaged that the latter needs to be held in a neutral atom trap
to prolong its interaction with the interrogating fields. This is the approach being taken by the
ALPHA and ATRAP collaborations that are both actively pursuing antihydrogen trapping using
modified versions of the classic Ioffe-Pritchard magnetic minimum trap [15], superimposed upon
the apparatus they use to produce the anti-atoms [16, 17]. Here we will describe the ALPHA
apparatus and approach.

The remainder of this contribution is comprised of summaries of the techniques used by
ALPHA to confine and manipulate positron and antiproton clouds and the production of
antihydrogen atoms in their current neutral atom trapping apparatus. Progress towards the
trapping of antihydrogen will be briefly discussed.

2. Antiproton capture and manipulation
The antiprotons used in the antihydrogen studies emanate from the Antiproton Decelerator (AD)
facility [18], which is located at the European Particle Physics Laboratory, CERN. This facility
is unique worldwide as it decelerates stored antiprotons to a kinetic energy of around 5.3 MeV
and supplies them to the experiments in pulses around 100 ns wide, each containing just over
107 particles, every 100 seconds or so. A simple, but well established, foil-moderation technique
[19] is used to reduce the kinetic energy of the antiprotons on entry to the ALPHA apparatus. A
fraction of the antiprotons (∼ 10−2-10−3) emerge from the foil with kinetic energies which allow
them to be dynamically captured in a Penning-type trap (the so-called catching trap) in which
radial confinement is provided by a strong axial magnetic field (typically around 3 T), whilst
axial confinement is achieved by electric fields which are suitably pulsed to allow the antiprotons
to enter, but not escape. In this manner around 40,000 antiprotons can be captured per AD
shot. A schematic illustration of the ALPHA apparatus is given in figure 1, with the strength
of the axial component of the magnetic field shown in the lower box.

Before the antiproton pulse arrives a cloud of electrons with a density of 108-109 cm−3 is
loaded into the catching trap. These cool rapidly [20] via the emission of synchrotron radiation
in the strong magnetic field and, in the absence of any sources of heat, will reach equilibrium
with the temperature of the surrounding trap electrodes, which in the case of ALPHA is ∼ 7
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Figure 1. Schematic illustration of the antiproton capture and antihydrogen formation sections
of the ALPHA apparatus, with a section through the magnetic coil system. The positron
accumulator is located to the right of this apparatus. The positions of external scintillators used
to monitor antiproton and antihydrogen annihilations are shown, though the inner antiproton
annihilation vertex detector is omitted for clarity. The lower panel shows the behaviour of Bz,
the axial magnetic field. The radial component (not shown) is provided by the octupole.

K. (We note here that it is very challenging to achieve such low electron plasma temperatures.
For instance, since plasma expansion due to trap imperfections [21, 22] is difficult to eliminate,
Joule heating will raise the temperature of the cloud.) The trapped antiprotons, confined to the
axis of the instrument, lose kinetic energy to the colder electron cloud, and within a few seconds
reach equilibrium and reside in the same potential well as the electrons [23]. The electrons can
be removed, if desired, by rapidly lowering the confining potential, though this manipulation
may also result in a somewhat heated antiproton ensemble. In ALPHA, the antiprotons are
initially captured in the 3 T region to the left of figure 1 to enhance the efficiency [24], before
being transferred to the 1 T region for mixing to form antihydrogen. As well as further electron
cooling, other manipulations are performed on the antiprotons once they reside in this region,
as will be described.

One of the major problems facing the antihydrogen field is to trap the anti-atoms for further
study. As will be described in section 4, the neutral atom traps used in this effort, based upon
the magnetic minimum principle [15], are only ∼ 1 K deep. Thus, the antihydrogen must be
created at a temperature which will allow as much as possible to be captured into these shallow
traps. The antihydrogen is typically formed via positron-antiproton interactions in a positron
plasma which may have a density around 108 cm−3. The plasma will have a self radial electric
field, Er, given by Er = neer/2ǫ0 , where ne is the plasma density, r is the radius in the plasma
(up to the edge at rp) and e and ǫ0 have their usual meanings. When this electric field is
combined with the axial magnetic field, Bz, a tangential drift speed results, given by Er/Bz, as
the plasma rotates about the axis with a constant angular frequency. It is easily seen that, to
leading order (e.g. [6]), the rotation speed is independent of mass such that the antiprotons will
co-rotate with the positrons. Such motion will add extra kinetic energy to the antiproton which
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Figure 2. Examples of images of the antiproton and electron clouds for three different
compression times, including the respective radial profiles. The images were obtained using
an MCP/phosphor screen arrangement similar to that shown in figure 4a. The electrons were
initially captured into a 136 mm long trap. Typical antiproton samples contained ∼ 3 × 104

particles.

will transfer to the antihydrogen and be dependent upon the radial position of production of
the anti-atom in the plasma. For typical examples of ne = 108 cm−3, r = 1 mm and Bz = 1 T,
it can be found that the extra kinetic energy is several 10s of degrees K, and thus much larger
than the typical trap depths.

Thus, ALPHA has developed a technique to control the radial extent of the antiprotons using
a variant of the rotating wall technique which has been used successfully over a decade or more
to manipulate the radial profile of a number of plasma species, including positrons: see e.g.
[25, 26, 27, 28, 29, 30, 31]. The technique involves using controlled compression of an electron
plasma in which the antiprotons are embedded [32]. The rotating wall was achieved using a fixed
frequency of typically 10 MHz applied to an azimuthally segmented electrode located in the 3T
region of the ALPHA apparatus. The radial profiles of the antiprotons and electrons could
be measured by individually ejecting each cloud onto a multi-channel plate/phosphor imaging
system located upstream in a low magnetic field region.

Examples of the compression are presented in figure 2, which shows the progressive narrowing
of the radial profile of the electron and antiproton clouds; see [32] for more details. Figure 3
shows the tracking of the radii of the respective clouds with compression time. Note that if the
electron compression is undertaken too rapidly, the antiprotons do not track their behaviour.
In this instance, it is likely that they quickly find themselves in a region of very low electron
density, such that they can no longer couple via collisions. Reductions in areal density of a
factor of 10 have been achieved, which translates directly into an order of magnitude decrease in
the temperature due to rotational effects, with an accompanying reduction in the antihydrogen
temperature. Compressed antiproton clouds are also beneficial in that they ensure complete
spatial overlap with the positron plasma and help maintain the stability of the cloud against
radial drift in the presence of the magnetic minimum field (see section 4).

It is also notable that manoeuvring the antiprotons from trap-to-trap (obviously using
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Figure 3. The tracking of the radii of the electron plasma and the antiproton cloud during
sympathetic compression for various durations as indicated.

electric fields to accelerate and then decelerate and re-trap them) can lead to increases in
the temperature of a cold ensemble. Re-cooling with electrons is always feasible, but ejecting
these before antihydrogen experiments can take place can, as mentioned above, also heat the
antiprotons. ALPHA has recently [33] developed a technique familiar in cold atom physics,
namely evaporative cooling, to reduce the antiproton temperature into the cryogenic regime,
and has directly measured such low antiproton temperatures for the first time.

The part of the ALPHA apparatus used for this work, and examples of some of the potential
wells used, are illustrated schematically in figure 4. The potential well holding the antiprotons
could be progressively lowered, and, allowing time after each step for the remaining cloud
to re-thermalise via collisions, the temperature of the remaining ensemble was reduced. The
temperature could be measured by slowly allowing the antiprotons to escape from the cloud, to
be detected by the downstream MCP/phosphor arrangement. The first antiprotons to escape
will be from the exponential tail of the Maxwell-Boltzmann distribution, such that the slope of
a logarithmic plot of the integrated counts can be used to derive the temperature of the trapped
cloud. Such a technique has been in use in non-neutral plasma physics for some time [34], and
examples plots are shown in figure 5. It can be seen that lowering the antiproton well carefully to
10 mV produces a (9 ± 4) K ensemble, with the uncertainty mainly due to that on the voltages
applied to the traps. It is notable that at this low trap depth/temperature, (6 ± 1) % of the
antiprotons remained trapped.

3. Positron capture and manipulation
The positron accumulator, and most of the associated methodology, used by the ALPHA
collaboration was developed for the predecessor ATHENA experiment. Much of this has been
described briefly elsewhere [30, 35], though there is no major journal account of the device and
its performance.

The ALPHA positron apparatus is shown schematically in figure 6. The beamline is based
around a 22Na β+ source and a conical [36] solid neon moderator [37], which is attached to,
though electrically isolated from, a closed cycle helium refrigerator. The latter could reach
temperatures around 5 K, and with the neon optimally plated onto the source/cone arrangement,
low energy ( ∼ few eV) positrons were emitted with a yield of around 2× 105 e+s−1mCi−1. The
low energy positrons were guided at a kinetic energy of around 80 eV using magnetic fields to
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Figure 4. (a) Schematic of the part of the ALPHA apparatus used to investigate the
evaporative cooling of antiprotons. (b) Three examples of the confining potential wells used
in the experiments. The shallowest well (10 mV) was that which achieved the lowest antiproton
temperature of ∼ 9 K (see text).

the 3-stage buffer gas Penning-Malmberg trap of the type pioneered by Surko and co-workers
[38, 39, 40].

Collisions with the nitrogen buffer gas cause a fraction, ǫ, of the positrons to lose kinetic
energy whilst traversing the 3-stage electrode arrangement and become trapped. As a result of
further collisions with the nitrogen gas in the second and third stages of the trap, the positrons
eventually reside in the latter, where they accumulate. The addition of a cooling gas to the third
stage, typically CF4, SF6, or CO2, with a high thermalisation rate for positrons (see e.g. [41, 42])
is useful as it allows more effective rotating wall compression of the cloud. However, a cooling
gas is typically not applied during antihydrogen production runs, as the pumpout time (see
below) becomes extended. The accumulator rotating wall is typically applied for the full 200 s
of the accumulation time at a frequency of around 600 kHz. Once accumulation is complete, the
nitrogen buffer gas is pumped out [43], and after about 20-30 s the pressure is low enough for the
positrons to be ballistically transported [30] to the main system (figure 1) and recaptured. The
positrons cool in the strong axial magnetic field of the mixing region solenoid via the emission
of synchrotron radiation and are compressed using a second rotating wall system which operates
at a frequency of 700 kHz for a period of around 100 s.

In controlling the positrons, and their eventual interaction with the antiprotons, it has been
found useful to reduce their overall number. This reduces the positron density, such that the
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Figure 5. Integrated antiproton loss as the respective potential wells are lowered. The
lines are the exponential fits used to deduce the antiproton temperature in each case. The
data correspond, from A to F, to antiproton temperatures of 1040, 325, 57, 23, 19 and 9 K,
respectively. Before each cooling experiment a cloud of ∼ 45, 000 antiprotons with a radius of
0.6 mm and a density of 7.5 × 106 cm−3 was prepared [33].

Figure 6. Schematic of the ALPHA positron accumulator. The three stages of the trap (see
the lower figure) have progressively lower gas pressures due to differential pumping. The third
stage electrodes are around 30 cm in diameter.
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Figure 7. a) Examples of accumulation curves for pressures as measured in the gas supply line
of 80 (�) , 120 (H), 160 (N) and 200 (•) mbar. Note that 100 corresponds to a first stage pressure
of around 10−3 mbar. b) The variation of 1/τ (black) and N(∞) (red) with gas pressure, P ,
together with fits to the expected forms (see text).

plasma, and hence the antiproton, rotational speed is lowered. Furthermore, simulations [6] have
found that at high positron densities, the antiprotons undergo rapid antihydrogen formation and
re-ionization cycles, which effectively transports them across the magnetic field lines to the edge
of the plasma. Here, the weakly bound states that result from the three-body antihydrogen
formation reaction (see below) are mostly field ionized by the plasma electric fields, such that
the antihydrogen yield is depressed. Higher positron densities also mean higher space charge
potentials. The desire to control antiproton-positron interactions on the degree-K level, in the
presence of space charge measured in terms of eV, is a challenge. Thus, ALPHA has devised a
method of cutting the positron ensemble into two, and discarding one of the halves. In principle,
this can be carried out many times, though a reduction by a factor of 4 is typical. The sequence
of positron manipulations, from the accumulator to preparation for mixing, takes around 400 s
in total.

Returning to the positron accumulator, the performance of this instrument has been
investigated from time-to-time over the years. The accumulation rate, R, from the low energy
beam is a constant and given by R = ǫI0, where I0 is the intensity of the moderated beam. Thus,
the time dependence of the number of accumulated positrons will be N(t) = N(∞)(1 − e−t/τ ),
where the saturation limit N(∞) = Rτ . It has been argued elsewhere [44] that this can be
written as N(∞) = fexI0(1 − e−DP )/BP , where fex is the branching ratio for positron capture
into the trap (essentially a ratio of scattering cross sections), P is the nitrogen gas pressure and
D and B are constants. The factor (1−e−DP ) accounts for the attenuation of the positron beam
and 1/τ = BP : note that strictly the “P” in the exponential factor relates to that in the first
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Figure 8. One dimensional projection of the phosphor screen image of the ejected positron cloud
following dipolar rotating wall compression. (Note that the overall distribution is ellipsoidal.)
(a) no rotating wall; (b) rotating wall with N2 gas only and (c) rotating wall with N2 and added
CO2 cooling gas. The integrated yields are around 29, 38 and 30 million positrons for (a), (b)
and (c) respectively.

stage of the trap, where the primary scattering event takes place, whilst the“P” in BP refers
to the third stage, where the particles are stored. When only nitrogen gas is used, the pressures
are related, since the gas is admitted into the first stage and the pressure in the third stage is
proportional, since molecular flow conditions prevail.

The expression for N(∞) tends to a constant value of fexI0D/B for DP ≪ 1 , whilst for
DP ≫ 1,N(∞) → fexI0/BP . The quantity B is related to the particle loss via annihilation and
possibly radial transport in the trap (the latter can be arrested by the application of a rotating
wall) and can be derived from experiments measuring N(t) versus P . The beam intensity, I0,
can be determined using a calibrated detector, leading to a value for fex. This was found earlier
[44] to be ∼ 0.4. Examples of curves of N(t) versus t and N(∞) and 1/τ versus P are given in
figure 7, showing that the ALPHA 3-stage accumulator behaves according to expectations, at
least over the main pressure range of its application. (Note the offset pressure range in Figure
7. Data at lower pressure seem to indicate that the accumulator has another mode of operation,
which will be investigated in future.)

Figure 8 shows the spatial profile of the positron cloud ejected from the accumulator both
without the rotating wall compression and for two cases with the rotating wall applied. Here a
segmented electrode located in the third stage of the accumulator configured in a dipolar mode
was used to apply the rotating wall. It is clear from the figure that the rotating wall substantially
increases the central density of the plasma. This is desirable, as smaller radius positron plasmas
can be created on transfer to the main mixing magnet for antihydrogen production.

4. Antihydrogen production in a magnetic minimum trap
When positrons are mixed with antiprotons under the conditions of the ALPHA experiment,
it has long been supposed that two reactions may lead to antihydrogen formation: namely the
spontaneous radiative and three-body (two positrons and an antiproton) reactions. It has also
been assumed that the three-body reaction would dominate antihydrogen formation, however, as
mentioned in the previous section, it has been realised relatively recently [6, 17] that it also results
in the transport of the antiprotons to the outskirts of the positron plasma. Depending upon the
density of the positrons, this may occur on a timescale as to preclude significant antihydrogen
formation via spontaneous radiative recombination. Thus, most of the antihydrogen formed will
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be via the reaction
e+ + e+ + p → H + e+, (1)

which will produce states bound by around kBTe, where Te is the temperature characteristic
of the positron plasma. Such weakly bound states are susceptible to field ionization, either from
the electric fields associated with the plasma, or the trap fields.

Experience from ATHENA has shown that injection of antiprotons into the positron plasma
with kinetic energies in the 10-20 eV range results in spatial annihilation distributions which can
only be explained if antihydrogen is formed efficiently by antiprotons which have not thermalised
with the positrons [45]. The implications for holding antihydrogen in traps which (for the ground
state) are ∼ 1 K deep are obvious. There are also several mysteries from the ATHENA data,
which are as yet unresolved. Despite the supposed dominance of the three-body reaction (which

has a textbook dependence of T
−9/2
e ), attempts to measure the temperature dependence of

the antihydrogen formation rate have produced much shallower dependencies, typically ∼ T−1
e

[46, 47]. Currently this is not understood, and further work is ongoing. Taken together, what
we do, and dont, know about the details of antihydrogen formation in strong field Penning-
type trap arrangements means that we should have detailed control over the parameters of
both the positron and antiproton clouds, including the manner in which they are mixed. The
manipulations performed on the positrons and antiprotons have been summarized above.

A distinctive feature of the ALPHA antihydrogen apparatus is, as shown in figure 1, the
superposition of a magnetic minimum neutral atom trap onto the charged particle traps used
to hold and mix the antiprotons and positrons. As has been elaborated elsewhere [48], ALPHA
has created its neutral trap using a pair of mirror coils and an octupolar arrangement to provide
the radial confinement. The choice of the latter, over the more familiar quadrupole [15], was
motivated by the shallower magnetic field gradient near the axis of the system in the octupolar
case, which should result in plasmas with extended lifetimes and greater stability [49, 50]. The
magnitude of the depth of the neutral atom trap is given by U = µ∆B , where µ is the
magnetic moment of the atom, and ∆B is the difference in magnetic field between the point of
antihydrogen formation (taken to be approximately on the axis of the system) and the Penning
trap electrode wall, located at a radius of around 22 mm. For the ground state of antihydrogen
µ = µB, the Bohr magneton, such that the trap depth is ∼ 0.7 KT−1. Using state-of-the-
art superconducting technology [48], ALPHA has developed a system with around 1 T of field
change across the radial extent of its trap, such that ground state atoms with kinetic energies
below ∼ 0.7 K should be confined.

ALPHA has recently demonstrated the efficient formation of antihydrogen in its combined
charged particle/neutral atom trap [17]. It has detected the antihydrogen via its annihilation
on the electrode wall, as well as using the field ionization technique developed by ATRAP [2].
Good correlation between these complementary signals has been found [17]. The distributions of
the radial and axial annihilation positions of the antihydrogen, as reconstructed using ALPHA’s
vertex detector [51], are shown in figure 9 for the cases with the neutral trap off, and fully
energized. In the former case the annihilation distributions are smooth, though there is some
structure in the data with the trap on. It has been argued [17] that this is due to the transport
to the wall of antiprotons which have resulted from field ionization of antihydrogen at large radii
in the trap. Beyond a critical radius [52], which depends upon the strength of the octupolar
field, any field ionized antiprotons will be automatically swept to the wall due to the radial
behaviour of the octupolar field. Such a process, as described above, also has support from
recent simulations [6], though in the context of the ATHENA experiment.

ALPHA has developed a strategy to search for trapped antihydrogen atoms [53], which it is
continuing to refine as the positron and antiproton manipulation techniques described in sections
2 and 3 are fully integrated into the experimental protocol. Briefly, positron-antiproton mixing
is performed for about 1 s, whereupon the charged particle traps are emptied. This is followed
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Figure 9. a),b) Azimuthal projections of antihydrogen annihilations with (b) and without (a)
the neutral trap energised. (c),(d) and (e),(f) are the corresponding z-φ and z-distributions
respectively. In (f), the red curve is a fit using a scaled version of (e) together with the two
green peaks. The latter are caused by field ionized antihydrogen (see text). When these data
were taken the vertex detector was incomplete and had only one layer of silicon modules for
the unshaded region. This caused a lower vertex reconstruction efficiency, resulting in the slight
asymmetry of the distributions evident in (e) and (f).

by a deliberate quench of the neutral atom trap. The current from the coils is dumped into a
resistive load and the 1/e time for the decay is just under 10 ms [53]. ALPHA then searches the
output of the vertex detector in a time window of 30 ms to look for annihilations which could
be characteristic of antihydrogen released from the neutral atom trap. The narrow time window
is an effective veto for cosmic ray events [54]. Work is ongoing.

5. Concluding remarks
We have described how antiprotons and positrons can be manipulated using a number of
advanced techniques, before being combined to form antihydrogen. Current efforts to trap
antihydrogen atoms have been discussed in the context of the ALPHA experiment, which
is located at the unique AD facility at CERN. The motivation for attempting these difficult
experiments was briefly sketched.
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