Antihydrogen Formation using Cold Plasmas
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Abstract. Antihydrogen, the antimatter counterpart of the hydrogen atom, can be formed by mixing
cold samples of antiprotons and positrons. In 2002 the ATHENA collaboration succeeded in the
first production of cold antihydrogen. By observing and imaging the annihilation products of the
neutral, non-confined, antihydrogen atoms annihilating on the walls of the trap we can observe the
production in quasi-real-time and study the dynamics of the formation mechanism. The formation
mechanism strongly influences the final state of the formed antihydrogen atoms, important for future
spectroscopic comparison with hydrogen. This paper briefly summarizes the current understanding
of the antihydrogen formation in ATHENA.

INTRODUCTION

Cold antihydrogen was produced by the ATHENA collaboration for the first time in
2002 [1]. The results were shortly thereafter confirmed by the ATRAP collaboration
[2, 3]. The formation of cold antihydrogen, the antimatter counterpart of hydrogen, is
the first step towards precision tests of fundamental symmetries in a pure antimatter
system.

The ultimate goal, precision comparison of hydrogen and antihydrogen, may be based
on precision measurements of the 1s-2s transition in a beam of cold hydrogen [4]. This
method has been used to reach a record resolution of 1.8 x 10714, However, as antihy-
drogen may be difficult to produce in amounts large enough to make a beam, a more
realistic goal will be to do spectroscopy on cold trapped antihydrogen as has also been
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done in hydrogen, though with lower precision [5]. This defines what we will term useful
antihydrogen. Neutral traps have depths of order ~1 K, and 1s-2s spectroscopy requires
antihydrogen in the ground state. We thus need to, not only produce cold antihydrogen,
but rather antihydrogen with a temperature of less then ~1 K, and furthermore antihy-
drogen in its positronic ground state. A further interesting possibility would be to test the
interaction of gravity with antimatter. Neutral antimatter makes this possible, although
such measurements on antihydrogen would require temperatures at least as low as the
mK regime in an optimistic estimate [6].

In order to be able to form useful antihydrogen understanding of the formation
processes, and their dependence on temperature and the final states of the formed
antiatoms, is necessary. This paper will describe the experimental approach of ATHENA
towards these goals, as well as summarize the current status of the endeavor.

THE ATHENA APPARATUS

One ATHENA philosophy is to secure large amounts of cold antihydrogen in order
to be in the best possible starting conditions for trapping the formed antiatoms. A
distinctive feature of the ATHENA antihydrogen apparatus (Figure 1) is therefore its
open and modular design. By avoiding a sealed vacuum, a powerful method of positron
accumulation using buffer gas [7, 8] could be adopted while maintaining a vacuum of
~ 10~ % mBar in which antiprotons survive for many hours. This makes the rapid and
repeated introduction of 10’s of millions of positrons possible. The open system allows
for relatively easy introduction of laser light, and the possible extracting of antihydrogen
atoms as a beam in the future.
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FIGURE 1. Overview of the ATHENA apparatus.

A high-granularity position sensitive detector [9] (Figure 2) was the key for unam-
biguous identification of the first production of antihydrogen atoms by detecting the an-
nihilations of antiprotons and positrons occurring in spatial and temporal coincidence.
Newly developed plasma diagnostic techniques [10, 11], allowed on-line monitoring of
the conditions of the trapped positron plasma during its interaction with the antiprotons,
as well as the possibility to heat the positron plasma non-destructively, providing an abil-
ity to rule out alternative (yet unlikely) interpretations of data, given e.g. in [2]. More
details on the apparatus are given in Ref. [12].
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FIGURE 2. The ATHENA antihydrogen detector and the mixing trap shown in a cut-through drawing.
The Csl crystals are cubes of 13x17.5x 17mm side lengths.

FIRST COLD ANTIHYDROGEN

Antiprotons for antihydrogen production are supplied by the CERN AD in spills of
2-3x107 antiprotons every 100 s. Those are degraded in a foil, and antiprotons with
energy less than 5 keV are dynamically trapped in a Penning trap, where their radial
motion is confined by a 3 T superconducting solenoid magnetic field. The antiprotons
are then cooled by collisions with a batch of pre-loaded electrons. The electrons cool by
emission of synchrotron radiation to near the ambient temperature of the trap of 15 K. A
number of AD spills may be accumulated, and we usually accumulate 2-3 spills leaving
us with 1-2x10% cold and trapped antiprotons for antihydrogen formation.

Positrons are obtained from a 40 mCi 2?Na source and immediately moderated by
a frozen neon film. Trapping, cooling and accumulation are achieved using a nitrogen
buffer gas, which provides the dissipative process for trapping the continuous flow of
positrons. The method was pioneered by Surko and co-workers [7]. Around 150 million
positrons are accumulated in the 0.14 T field every 5 min. after which they are transfered
to the 3 T field with about 45% transfer efficiency. The transfer may be repeated and the
positrons accumulated in the high field, in this way a record number of positrons of
>1.2%10° has been accumulated. In the high B-field Penning trap we can also apply
a rotating electric field and compress the positron plasma [13]. A record density of
~1x10'"" ¢cm~3 has been achieved in this way [14].
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FIGURE 3. Nested trap configuration of the mixing trap for mixing positrons and antiprotons for

antihydrogen formation. The potential on axis is given. The dashed curve indicates the potential before
injection of the antiprotons.
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Antihydrogen formation takes place in the so-called mixing trap, which is a double
trap, where the positrons are housed in an inverted well at the center of the antiproton
trap (Figure 3). This configuration is referred to as a nested trap [15]. Antihydrogen
production is carried out by first loading the mixing trap with ~7x 107 positrons, which
cool to the ambient temperature by the emission of synchrotron radiation, and then
injecting about 10* antiprotons into the nested region where they interact through the
Coulomb interaction with the positron plasma. The antiprotons are thus cooled by the
positron plasma, and eventually, when the relative velocities are sufficiently low they
may combine and form antihydrogen. This cooling process was first demonstrated by
Gabrielse et al. [16], but with only 1/4 million positrons. Figure 4 shows how the
antiprotons loose energy when cooled by 70 million positrons [17]. When antiprotons
are mixed with ambient temperature positrons we refer to the procedure as "cold"
mixing. Alternatively the positron plasma may be heated by RF excitation to suppress
antihydrogen formation [10]. Mixing with plasmas where the temperature has been
increased by ~3500 K we term "hot" mixing.
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FIGURE 4. Cooling of antiprotons in the nested trap by interaction with the positrons. The energy
distributions were measured by lowering the left trap wall and monitoring the number of antiprotons
escaping as a function of the trap voltage by letting them annihilate on the degrader.

In a typical measurement we let the antiprotons interact with the positron plasma
for about 180 s. before ejecting both species and restarting the cycle. The neutral
antihydrogen atoms drift away from the formation region until they annihilate on the
electrodes of the mixing trap. The antihydrogen detector can observe charged particle
tracks using two layers of double-sided silicon microstrip detectors, and from these we
can reconstruct the vertices of antiproton annihilations with a precision of ~4 mm (10).
The detector also observes the back-to-back 511 keV photons from the annihilation of
positrons by highly segmented pure CsI crystals read out by avalance photodiodes [1, 9].

In our first observation we only accepted fully reconstructed pure antihydrogen events.
To distinguish these we first demand a fully reconstructed antiproton annihilation vertex.
Second we demand that the simultaneously hit crystals are isolated (i.e. no hits in the
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neighboring crystals), have no charged tracks passing through, and that exactly two
crystals are hit with the right energy photons. The photon energy window was set
around 5114165 keV based on channel-by-channel in situ calibration using positron
annihilation in the trap.
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FIGURE 5. Cosine of the angle between two 511 keV photons, as seen from the antiproton annihilation
vertex : (a) antiproton mixing with cold (ambient temperature) positrons (grey) and with positrons heated
to ~3500 K (circles). (b) without positrons and antiprotons annihilating on the wall (grey) and cold
mixing, but analyzed with the photon energy window displaces to a region above 511 keV (circles) [1].

In Figure 5 we plot cosine of the angle 8y, between the two hit crystals as seen
from the antiproton annihilation vertex. This angle is called the opening angle. For real
antihydrogen events a peak is expected at cos(0,,) = —1 which is what we observe. Also
shown are a number of background situations in which no antihydrogen is produced, and
indeed no peak at cos(8y,) = —1 is observed (for more discussion of background see
Ref. [18]). The cos(68yy) = —1 peak in Figure 5 represents 131+22 antihydrogen atoms
fully reconstructed.

HIGH RATE PRODUCTION

The cuts applied in the first observation reported above can conservatively be estimated
to discard 99.7% of real antihydrogen events. The 13122 events thus represents more
than 50000 antihydrogen atoms produced. Further evidence of the real production being
higher than the initial conservative estimate may be seen in Figure 6. The figure shows
the cross-sectional (xy) distribution of all antiproton annihilations (no cuts applied)
registered during cold and hot mixing respectively.

The distinct difference between Figure 6.a and Figure 6.b is the enhancement of an-
nihilations at the trap wall during cold mixing. We recently published results where this
enhancement, originating mainly from neutral antihydrogen drifting to and annihilating
on the walls was fitted with a Monte-Carlo simulation of antihydrogen annihilating on
the trap walls [19]. The fit gives a relative contribution of 69+5% of the annihilations
stemming from the wall, when the hot mixing sample (Figure 6.b) is used as back-
ground. Careful analysis, including also fits to the radial distributions, as well as to the
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FIGURE 6. Cross sectional distribution (xy) of all antiproton annihilation vertices registered during
cold (a) and hot (b) mixing. The black dashed circles mark the position of the trap walls. The cylindrical
traps have a diameter of 25 mm.

opening angle distributions yielded a total estimated antihydrogen fraction in the sam-
ple of 65+£5%. From the total number of accumulated mixing data in 2002 and 2003 we
estimate that about 2.5 million antihydrogen atoms have been produced. This is equiva-
lent to an efficiency of 15% of the mixed antiprotons. A few percent of the antiprotons
annihilate on rest gas or positive ions trapped by the positron plasma, whereas the bulk
of the antiprotons remain in the trap but in regions decoupled either axially (in the side
wells of the nested-trap) or radially from the positron plasma [17].
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FIGURE 7. Number of vertices in the region |z| < 4 cm as a function of time after the start of cold
mixing. Note the logarithmic time scale. Squares show the total number of vertices. The full circles shows
the antihydrogen contribution as calculated from fits to the radial distribution. The grey circles show the
background contribution.

Using analysis similar to the above to unravel the background and antihydrogen
contribution to the annihilations at different points in time during the mixing we can
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establish how the formation rate changes with time. Figure 7 shows a plot of the number
of vertices as a function of time for vertices in a region given by |z| < 4 cm, where z is
the axial position relative to the center of the positron cloud. This region was selected
to avoid antiproton-only annihilations that dominate outside this region. Also shown
is the fraction of antihydrogen and background at each point in time as extracted by
radial fits to the vertex distributions. In this way we found that at early mixing times
the antihydrogen production accounts for almost 90% of all detector triggers. Rates in
excess of 200 Hz have been observed.
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FIGURE 8. Axial distribution of antiproton annihilation vertices during cold mixing.

A powerful way to distinguish antihydrogen annihilations on the wall from antiproton-
only annihilations arises from the observation that antiprotons annihilating on the walls
annihilate in an azimuthally asymmetric way. Particles trapped in a Penning trap are,
if nothing is done to actively prevent it, radially transported towards the walls of the
trap were they will be lost. The rate of transport depends on a range of parameters of
the system, however, we have observed using the antihydrogen detector that the losses
are always localized, both axially and azimuthally [20]. Figure 8 shows a typical axial
annihilation distribution from cold mixing. The left and the right peaks can be associated
with antiproton-only losses as they are azimuthally localized as shown in Figure 9. The
central structure is, as discussed earlier, composed of about 65% antihydrogen and 35%
antiproton annihilations on rest gas or ions and is azimuthally symmetric. More details
on annihilation imaging are given in Ref. [20].

TEMPERATURE DEPENDENCE

By applying a resonant RF field to excite the dipole mode of the positron plasma we can
heat it [10]. Using this feature of our setup we have studied the temperature dependence
of the formation of antihydrogen in our system [21]. Figure 10 shows the dependence
of the peak trigger rate and the total number of triggers (backgrounds subtracted) as a
function of the positron plasma temperature. We have used a no-heating temperature of
15 K, but this is not measured.

One expects two processes to be the main contributers to the formation in the present
experimental conditions [22]. They are radiative formation, where a photon carries away
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FIGURE 9. Cross sectional distributions of vertices from the two size peaks in Figure 8. (a) Left peak
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FIGURE 10. Formation dependence on positron temperature. (a) The peak detector trigger rate depen-
dence. (b) The dependence of the total number of triggers in a mixing cycle.

the excess energy and momentum and 3-body formation where an additional positron
carries it away [23, 24, 25]. The radiative process is expected to scale as 7993 in
zero magnetic field [25] and the 3-body process as T-9/2 [26] where T is the positron
temperature, which is expected to dominate as the antiprotons are much heavier than the
positrons.

The measurements in Figure 10 shows that the formation only changes slowly with
temperature for low temperatures and at around room temperature (~26 meV) the for-
mation decreases as ~T 7. The expected strong rise in the formation at low temper-
atures where the 3-body process should dominate is thus absent. The persistence of
formation at high temperature indicates at least some radiative contribution. However,
the total measured rates are about a factor of 10 higher than a naive radiative calculation,
neglecting the magnetic field, would suggest The behavior is thus not yet understood. A
more detailed discussion of the results can be found in [21].
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SUMMARY AND PERSPECTIVES

The ATHENA antihydrogen experiment and its recent experimental results were pre-
sented. ATHENA has, in 2002 and 2003 combined, produced more than 2.5 million
cold antihydrogen atoms with formation rates in excess of 200 Hz. An overall efficiency
amounting to ~15% of mixed antiprotons forming antihydrogen has been observed.

The temperature dependence of the formation has been measured by RF heating of the
positron plasma. The formation was observed to decrease only slightly with temperature
for temperatures up to around 300 K and then decrease as ~T~%7. The flattening at low
temperature does not seem to agree with expectations that 3-body combination, scaling
as T~9/2, should dominate. The persistence of formation at room temperature indicates
that radiative combination plays a role. More studies, both theoretical and experimental
are needed to resolve these issues.

In 2004 ATHENA will pursue an experiment to laser-stimulate antihydrogen produc-
tion in order to learn more on how to approach the ultimate goal of producing anti-
hydrogen in its positronic ground state. The experiment is inspired by Ref. [27]. The
ATHENA apparatus has been changed to allow access of a 50 W '3C!80, laser which
will couple the continuum and the n = 11 state in antihydrogen, where n is the principal
quantum number. In this way we hope to circumvent the problems inherently involved in
the spontaneous formation processes by directly controlling the final state of the formed
antihydrogen. This will bring us closer to the goal of forming ground-state cold antihy-
drogen, and this experiment could therefore be an important mile stone on the way to
precision spectroscopy of antihydrogen.
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